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Abstract 
 Individuals constantly navigate through a complex environment, stepping over and 
around obstacles in order to reach an end goal. Successful adaptive locomotion involves the 
integration of information from the three primary sensory systems: vision, somatosensory, and 
vestibular, in order to successfully reach an end goal. Obstacle crossing is a form of adaptive 
locomotion that demonstrates a clear relationship between perception and action integration, 
ensuring proper foot placement, step length, and walking speed. Moreover, the addition of a 
second obstacle within 1m from the first obstacle requires proper motor planning and 
anticipatory strategies in order to be successful. Previous research has found children’s obstacle 
crossing strategies differ from young adults. Children 7 years of age plan for the avoidance of 
two obstacles separately whereas young adults plan for the avoidance of both obstacles prior to 
crossing the first obstacle (Krell & Patla, 2002; Vallis & McFadyen, 2005; Berard & Vallis, 
2006). However, it remains unclear whether children (8-12 years old) have difficulty with 
multisensory integration or anticipatory motor strategies resulting in differences in obstacle 
crossing techniques during a multiple obstacle crossing task. As well, it is unknown whether 
individuals with a neurodevelopmental disorder, such as Developmental Coordination Disorder 
(DCD), have difficulty with multisensory integration or anticipatory motor strategies resulting in 
coordination difficulties. Thus, the objective of this thesis was to examine the obstacle clearance 
characteristics during a multiple obstacle clearance task under various sensory conditions. 
Obstacle clearance behaviours were compared between children and young adults (Chapter 2), 
and between children with DCD and typically developing (TD) children (Chapter 3), to assess 
differences between stage of development and a motor deficit population. Children (N=16, 
?̅?=9years±1.07, eleven females), young adults (N=16, ?̅?= 22 years±0.96, nine females), and 
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children with DCD (N=3,	?̅?=11years±1.41, one female) were instructed to walk along a 7m 
pathway to reach an end goal. The presence of none, one, or two obstacles (1.0m apart), 
projected on the ground, could appear at the start of the trial or two steps prior to obstacle 
clearance. Participants were aware the obstacles could appear during the trial and were instructed 
to step over the projected obstacles, trying not to step on the obstacles. Participants completed 18 
trials on flat ground and 18 trials on a compliant surface (foam terrain), for a total of 36 trials. 
Results from Chapter 2 (young adults and children) found that children (8-12 years) have 
difficulties with online control and motor planning strategies during a multiple obstacle clearance 
task. Children had high variability on obstacle clearance strategies on a compliant surface 
suggesting difficulty with multi-sensory integration. Moreover, children had difficulties with 
motor planning strategies, planning for the clearance of multiple obstacles independently of one 
another compared to YA. When on a compliant surface, children increased their crossing speed 
and subsequent momentum during obstacle clearance in order to maintain forward progression of 
locomotion and counteract the instability when somatosensory information was reduced. The 
results from Chapter 3 found that obstacle clearance strategies may vary greatly between 
children with DCD based on an individual’s MABC-2 test score and co-morbid disorders. 
Children with DCD had high variability with medio-lateral center of mass at time of crossing 
compared to TD children.  
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CHAPTER 1: 
General Introduction 
People navigate through the environment on a daily basis, stepping over or around 
obstacles in order to get to a final destination. Although the dynamics of the environment may 
change, people consistently integrate information using their primary sensory systems in order to 
successfully locomote through the world. Locomotion is the ability for an individual to move 
from one place to another through a series of rhythmic movements. It is a complex movement 
that involves the central nervous system (CNS) regulating rhythmicity, posture, and the ability to 
adapt to an individual’s surrounding (Pearson & Gordon, 2000).  
1.1 Sensory Control of Static Balance 
Balance is fundamental for an individual to remain stable and upright when standing or 
walking. During static stance, an individual’s centre of mass (CoM) is maintained within their 
base of support (BoS) (Winter, 1995). Static balance control is maintained through an 
individual’s Centre of Pressure (CoP), which constantly changes by the activation of antagonist 
and agonist muscles. Additionally, individuals receive information regarding balance control and 
the environment through three main sensory inputs: vision, vestibular, and somatosensory. The 
integration of these three sensory systems contributes to the maintenance of overall balance 
control. The visual system uses gaze fixations to provide stable points of reference during static 
standing (Berencsi, Ishihara, & Imanaka, 2005) The vestibular system senses linear and angular 
accelerations regarding rotation and orientation of the head in space while, the somatosensory 
system provides proprioceptive information that determines position and velocity of the 
individual relative to their external surroundings (Winter, 1995). Adults (18 years and older) are 
able to modulate the integration of input from these systems by producing a compensatory up-
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regulation of working systems and down-regulation of information from subsequent altered or 
removed systems (Shumway-Cook & Woollacott, 1985). This regulation of sensory input allows 
individuals to remain balanced when standing on a compliant surface, when their vision is 
removed, or when their vestibular input is inaccurate.  
Balance control can be analyzed in the medio-lateral (ML) and the anterior-posterior 
(AP) direction as a method of identifying the effectiveness of a particular sensory system. 
Stability in the ML direction is maintained through vertical loading and unloading of the legs 
about the hip joint (Winter, 1995). As a result, the somatosensory system plays a crucial role in 
maintaining balance. During a static balance task, individuals with peripheral neuropathy have an 
increased postural sway in the ML direction compared to their neurotypical peers due to a 
decreased somatosensory input (Dickstein, Shupert, & Korak, 2001). Thus, instabilities in the 
ML direction are commonly associated with somatosensory impairments as an individual may 
have a reduced ability using this portion of their sensory nervous system to determine their BoS 
parameters. Alternatively, stability is described in the AP direction through the inverted 
pendulum model (Winter, 1995). During static balance, an individual’s CoM will sway forward 
and backward about the ankle joint acting as an inverted pendulum within an individual’s BoS 
(Winter, 1995). Instability in the AP direction during standing is commonly associated with 
vestibular deficits as an individual may have an altered sense of orientation relative to gravity. 
This is demonstrated in children with a hearing impairment and subsequent vestibular deficits. 
During the development of balance control, hearing-impaired children have greater balance 
deficits compared to their typically developing peers (Siegel, Marchetti, & Tecklin, 1991). Since 
hearing-impaired children have not yet learned to up-regulate their working sensory systems, 
their balance suffers specifically in the AP direction. Therefore, it is important to consider 
 11 
balance control directionally in order to understand the nature of balance difficulties in special 
populations, such as those with a motor or neuropathic impairment.  
1.2 Sensory Control of Locomotion  
Not only is balance control necessary during static standing but it is also a vital 
component during locomotion. Locomotion involves a series of rhythmic movements, known as 
the gait cycle, in order to get to a final destination. During locomotion the relationship between 
an individual’s CoM and BoS constantly changes based on the foot placement. Since the 
relationship between the CoM and BoS is constantly changing, balance control during 
locomotion is considered dynamic. An individual’s CoM only remains within their BoS for 20% 
of a gait cycle as a result of single support phases of locomotion (Patla, 1996). Despite an 
individual’s CoM remaining outside of their BoS for such a long period of the gait cycle, people 
are proficient at maintaining dynamic stability and rarely fall.  
In 1979, Gibson proposed the idea that sensory information mainly vision, directly drives 
actions, “We must perceive in order to move, but we must also move in order to perceive” 
(Gibson, 1979, pg. 223). Gibson’s idea demonstrates a cyclic relationship between perception 
and action integration between observers and their surrounding environment, highlighting that 
changes to one will directly impact the other. An individual perceives the environment through 
vision, vestibular, and somatosensory systems, leading to an appropriate action. Perception and 
action integration is particularly relevant in a cluttered environment or within an environment in 
which an individual must adapt their locomotion.  
During locomotion an individual receives feedback information through the vestibular, 
somatosensory, and visual systems about a particular step. The vestibular system provides 
information about linear and angular accelerations of the head relative to space, integrating 
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movement slowly. The somatosensory system provides proprioceptive information regarding 
position and velocity, which can be reduced, based on the compliance of the ground surface or 
the footwear an individual is wearing (Winter, 1995). The somatosensory system provides fast 
reactive responses to an external perturbation that may affect an individual’s locomotor pattern 
however, vision is the primary system that guides locomotion (Hollands Marple-Horvat, Henkes, 
& Rowan, 1995; Patla, 1997; Patla & Vickers, 2003). 
The visual system is the dominant sensory system that maintains balance control during 
locomotion. The visual system provides instantaneous information allowing the individual to 
interpret their surroundings and take appropriate anticipatory or feed-forward action, to guide 
movement and avoid an object (Patla, 1996; Patla, 1997). Specifically, the visual system 
provides information regarding static and dynamic features within the environment in order to 
successfully reach an end goal. During locomotion individuals do not visually search their 
environment instead will fixate on the ground ahead of them for more than 50% of their travel 
time (Patla & Vickers, 2003). Specifically, individuals fixate on the ground two steps ahead of 
them, as a mechanism of feed-forward balance control during locomotion (Patla & Vickers, 
2003). When an individual’s stability is challenged such as during a stone-stepping task, an 
individual will adapt an online control strategy, increasing the visual information by fixating on 
the ensuing step after every step (Hollands et al., 1995; Patla, Adkin, Martin, Holden, & Prentice, 
1996). This suggests that when an individual is required to complete a fixed irregular spaced 
pathway, greater visual information is required to successfully hit each footfall target. In other 
words, greater perception is required in order to complete one’s action. Therefore, individuals 
use gaze fixations to provide stable reference points during locomotion specifically when 
stability is challenged (Hollands et al., 1995; Patla, et al., 1996).  
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1.3 Obstacle Crossing  
Locomotion rarely occurs on flat, even terrain. Instead individuals have the ability to 
adapt to the constraints of the environment, avoiding obstacles, crossing through apertures, or 
walking on an irregular terrain (Patla, 1996). Adaptive locomotion involves higher order brain 
control comprising of the motor cortex and the posterior parietal cortex for accurate foot 
placement and successful avoidance behaviours (Drew, Andujar, Lajoie, & Yakovenko, 2008). 
Obstacle crossing is a form of adaptive locomotion that demonstrates the perception, action 
integration relationship. Individuals are required to perceive the size and orientation of the 
obstacle and subsequently determine an appropriate action strategy to successfully cross the 
obstacle. An obstacle crossing task challenges individuals in the AP, ML, and vertical directions 
thus, will be the primary focus of this thesis.  
Obstacle crossing involves a lead limb, the limb in which an individual steps over the 
obstacle with, and the trail limb, the limb in which steps over the obstacle second. In order to 
successfully cross an obstacle trail limb foot placement, lead limb foot placement, toe elevation, 
and toe clearance of the obstacle must be considered (Austin, Garrett, & Bohannon, 1999; Patla 
& Rietdyk, 1993). Research primarily focuses on these strategies of obstacle crossing while 
manipulating sensory information, the amount of visual information provided or manipulating 
the obstacle itself by changing the height, or location of the obstacle (Patla & Rietdyk, 1993). 
Compared to flat ground locomotion, young adults (18-21 years) increase their toe elevation and 
their toe clearance, which is the distance from the toe to the top of the obstacle at the time of 
crossing, to successfully cross an obstacle. During flat ground locomotion toe clearance of young 
adults (18-32 years) is 1-3cm from the ground whereas during an obstacle crossing task toe 
clearance increases to an average of 10cm regardless of the height of the obstacle (Austin et al., 
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1999; Patla & Rietdyk, 1993; Chou & Draganich, 1997). Increasing toe clearance to 10 cm 
during obstacle crossing creates a safety margin that allows for safe crossing of an obstacle 
regardless of its height. Increasing toe clearance primarily involves increased flexion of the knee 
and hip, specifically of the trailing limb during obstacle crossing (Chou & Draganich, 1997). 
Although this strategy is implemented, young adults (20-24 years) have a smaller toe clearance 
of the trail limb compared to the lead limb during obstacle crossing (Patla, Rietdyk, Martin, & 
Prentice, 1996). A smaller toe clearance of the trail limb is related to maintaining forward 
progression of locomotion and the inability to visually see the object during trail limb crossing, 
further preventing any trail limb adjustments (Patla et al., 1996). As a result, it is clear that vision 
is required to regulate limb position during adaptive locomotion such as obstacle crossing.  
Individuals will fixate on the obstacle during the approach phase of an obstacle-crossing 
task (Patla & Vickers, 1997). Obstacle fixation allows for determination of appropriate 
avoidance strategy including foot placement and toe clearance. Two steps prior to obstacle 
crossing, young adults (20-24 years) will shift their fixation to the ground or goal ahead of the 
obstacle (Patla et al., 1996; Patla & Vickers, 1997). Gaze fixation is still directed towards the 
obstacle two steps prior to crossing however, shifts to a travel fixation (ie., where you want to 
place your foot). This is considered feedforward control of locomotion in which young adults 
fixate 2 steps ahead in order to allow for continual forward progression of locomotion Young 
adults (20-24 years) will continue to fixate ahead of the obstacle even if an unexpected change to 
obstacle height occurs during obstacle crossing. Unsuccessful obstacle avoidance is related to 
when visual information was received. When visual information is provided one step prior to 
obstacle avoidance (ie., <200ms of visual information), individuals are already in single support 
and do not have enough time to alter stepping behaviour (Matthis & Frajen, 2013).  As well, 
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individuals are unable to maintain stability when visual information is provided one step prior to 
obstacle crossing due to the inverted pendulum model being unable to adapt quick enough to 
respond (Matthis & Frajen, 2013). In other words visual information is required at least two steps 
ahead of time (200-300ms) to ensure successful obstacle avoidance (i.e., preserving the inverted 
pendulum of forward motion) when on a flat ground terrain. However, within the environment 
adaptive locomotion does not always occur on flat ground.  
Walking on different terrains such as rock or sand introduce an altered amount of 
somatosensory information such that, the introduction of a compliant surface decreases the 
amount of somatosensory information provided during locomotion. Step length, step width, and 
time spent in double support increases as a method of maintaining dynamic stability due to the 
continual perturbation and change in vertical CoM (MacLellan & Patla, 2006b, Marigold & 
Patla, 2005). As a result, the visual and vestibular information becomes upregulated in young 
adults (20-22 years) to ensure dynamic stability is maintained (MacLellan & Patla, 2006b). 
During an obstacle-crossing task on a compliant surface, toe clearance decreases as a result of 
poor dynamic stability. Moreover, visual information is used to perceive an obstacle’s size, 
location, and height. However, on a compliant surface the visual system is unable to account for 
the depression of the surface resulting in inaccurate perception of obstacle height and a 
subsequent decreased toe clearance (MacLellan & Patla, 2006a; MacLellan & Patla, 2006b). 
Therefore, altering an individual’s somatosensory information changes an individual’s stability 
and overall obstacle crossing performance, suggesting that somatosensory information is an 
important sensory input necessary to maintain stability during obstacle crossing.  
Based on the aforementioned studies, individual sensory systems are often manipulated in 
order to examine dynamic stability and the effectiveness of multisensory integration during an 
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adaptive locomotor task. Another way to examine how an individual determines an appropriate 
strategy to maintain dynamic stability is through the manipulation of the task itself. Introducing a 
second obstacle-crossing task challenges an individual by changing the environmental 
constraints of a task. Multiple obstacle-crossing situations require the visual system to determine 
appropriate motor planning in order to avoid both obstacles. The way in which a young adult 
plans to cross a double obstacle changes based on the distance between the two obstacles. When 
two obstacles are greater than 2m apart, young adults (20-22 years) strategize appropriate 
crossing techniques for the two obstacles independently of one another (Krell & Patla, 2002). 
When the two obstacles are less than 2m apart, young adults (20-22 years) plan an appropriate 
obstacle avoidance strategy for successful crossing of both obstacles dependent on one another 
(Krell & Patla, 2002). As well, young adults (20-22 years) plan an appropriate trail limb and lead 
limb foot placement of the first obstacle such that optimal crossing of the second obstacle occurs. 
Since average step length for young adults is 0.75m, obstacles within 1-1.5m of each other 
challenges young adults (20-22 years) to maintain proper crossing techniques (Krell & Patla, 
2002). This means young adults use visual information to determine an appropriate strategy to 
cross both obstacles, determining an appropriate trail limb foot position for successful crossing 
of both obstacles.  
Therefore, young adults are able to integrate sensory information and determine 
appropriate strategies to maintain dynamic stability during adaptive locomotion. However, does 
static and dynamic stability characteristics change based on development and when does 
adaptive locomotion develop?  
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1.4. Development Contributions 
1.4.1 Static Balance  
As discussed, static balance control and locomotion involves the complex interaction of 
sensory information to formulate an appropriate response to stability. The System’s Perspective 
theory describes the development of balance control by accounting for the integration of both 
internal and external factors involved in motor control. The System’s Perspective theory 
incorporates the complex interaction between the nervous and musculoskeletal system of a child, 
while also integrating information regarding the task and the environment (Woollacott et al., 
2004). Previous developmental theories of balance control and locomotion have considered the 
nervous system without incorporating the external influence from the environment, however, the 
combination of both the internal and external factors encourage optimal motor development 
(Woollacott et al., 2004). While all children have the potential for skill acquisition, if not 
provided with the opportunity, a child will have difficulty learning. In other words, this theory 
describes the development of balance and gait through the combination of both genetic and 
environmental factors, including task experience, sensory integration, and opportunity for skill 
learning. It provides an explanation as to why balance and stability changes, regardless of age, 
when a change occurs to an individual’s sensory input, to a task, or to the environment. Thus, the 
System’s Perspective theory will be used as the fundamental theory of development for the 
remainder of the thesis. 
Typically, static balance control involves the integration of all of the sensory systems as 
well as the activation of antagonist and agonist muscles to maintain an individual’s CoM within 
their BoS. However, balance is not always maintained through the integration of all three sensory 
systems. During development the maturation of each sensory systems plays a distinct role in 
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maintaining balance. From birth to 5-6 months, visual information is the primary sensory input 
that determines movement and is used as an infant’s frame of reference to maintain the head 
upright (Assainte, 1998, Woollacott et al., 2004). The head is articulated from the trunk and 
provides descending neural information in order to produce a movement such as a reach or grasp. 
Thus, during infancy vision is the dominant system that enables balance control. Removal or 
manipulation of the visual system will result in instability during this stage of development. 
Following the progression of upright stance, static balance control occurs bottom-up, such that 
an individual’s supporting surface is the stable frame of reference (Assainte, 1998). The head 
remains stiff or en bloc to an infant’s trunk as the emergence of the vestibular input occurs 
(Assainte, 1998, Woollacott et al., 2004). The en bloc head position to the trunk minimizes the 
amount of linear and angular acceleration information provided from the vestibular system. 
Since, the infant integrates more than one sensory system, the head remains en bloc to the trunk 
segment as a mechanism of controlling the amount of vestibular input during balance control. As 
locomotion continues children begin to use their CoM as their frame of reference, using both 
ascending and descending neural information to produce a movement. At this stage, children 4 to 
6 years old primarily use vision and somatosensory input to maintain balance. By 7-10 years old, 
postural control is expected to be similar to a typically developing adult. Information regarding 
motor response returns to a top-down frame of reference, with the head movement now 
independent of the trunk and information is processed through the integration of all three sensory 
inputs (Assainte, 1998). By this stage children’s motor development is expected to be adult-like 
with some minor difficulties. Moreover, based on Piaget’s theory of cognitive development, by 
7-12 years of age, children are fully cognitively developed (Berk, 2014). However, Shumway-
Cook & Woollacott (1985) highlighted that regardless of age, static balance control decreases as 
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more than one sensory system is removed or altered. When the only available correct sensory 
information is vestibular input, instability is amplified during development and in older adults. 
Manchester and colleagues (1989) determined that as sensory inputs deteriorate, stability 
decreases, and postural strategies revert back to developmental strategies. Therefore, stability is 
dependent on the information received through the available sensory systems as well as the 
ability to up-regulate working systems and down-regulate inaccurate information. These 
instabilities are amplified depending on the stage of development, age, or due to a sensory 
system deficiency.  
1.4.2 Adaptive Locomotion 
By 7-12 years a child is expected to be cognitively developed and have adult-like postural 
control during locomotion (Pryde, Roy, & Patla, 1997; Shumway-Cook & Woollacott, 1985). 
Vallis & McFayden (2005) compared anticipatory control strategies during obstacle 
circumvention in TD children between the ages of 7-11 years to young adults (24-29 years). 
Children tended to alter their gait patterns just prior to obstacle circumvention whereas, young 
adults (24-29 years) tended to make anticipatory adjustments well in advance to obstacle 
avoidance (Vallis & McFadyen, 2005). Furthermore, by examining gait patterns and adaptive 
strategies, children typically broke down their gait behaviour during obstacle avoidance into two 
tasks, reorientation of head and trunk segments and then ML COM adjustments (Vallis & 
McFadyen, 2005). Based on these findings, it would appear that when an obstacle-crossing task 
is introduced, children tend to stabilize their head and trunk segment before producing an 
avoidance behaviour. This en bloc movement in children may act as a mechanism of stabilizing 
other sensory inputs to allow for visual processing during an adaptive locomotor task involving 
visual cues to control body equilibrium (Assaiante & Amblard, 1993). This differs from 
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anticipatory strategies in adults in which young adults (24-29 years) reorient their head and trunk 
segments simultaneously to ML COM changes (Vallis & McFadyen, 2005). These previous 
findings suggest children 7-10 years old still have difficulty simultaneously perceiving the 
environment and reactively responding to an adaptive locomotor task compared to adults. 
However, it is evident that regardless of age, individuals must visually perceive the environment 
during an adaptive locomotor task. Similar to an obstacle circumvention task, children’s obstacle 
crossing strategies differ from adults. McFadyen, Malouin, & Dumas (2001) studied obstacle 
crossing strategies of children 7-9 years when obstacles were set to 15% of an individual’s leg 
length. Anticipatory muscle activation differed between children and adults suggesting that 
adaptive locomotion has not fully matured by the age of 7-9. Although the anticipatory control 
differed, children were capable of producing coordinated lower limb movements in order to 
successfully cross the obstacle similar to adults (McFadyen et al., 2001). Based on these 
findings, middle-aged children between the ages of 7-9 years may not have fully developed 
adult-like strategies for adaptive locomotion. 
Similar to young adults (21-25 years), introducing a secondary obstacle to cross (i.e., step 
over) requires appropriate adaptive locomotor strategies and the implementation of route 
planning. Berard and Vallis (2006) assessed the difference between young adults’ (21-25 years) 
and children’s (7 years) obstacle crossing strategies when a double obstacle was present. The 
space between the two obstacles was 1.5m to challenge both young adults and children (Berard 
and Vallis, 2006; Krell & Patla, 2002). Opposite to young adults, 7-year-old children were 
unable to plan for the avoidance of the second obstacle until the first obstacle was completed, 
resulting in a decreased stability (Berard and Vallis, 2006). Children had a decreased toe 
clearance and a smaller distance from the obstacle of the trail limb and lead limb foot position 
 21 
compared to young adults (21-25 years) (Berard and Vallis, 2006). Therefore, although children 
were successful during the multiple obstacle-crossing task, children’s adaptive locomotor 
process differs from young adults resulting in different obstacle crossing techniques. The CNS 
may not be fully developed resulting in alternative methods to completing complex tasks, such as 
crossing multiple obstacles, in children compared to young adults.  
Based on the studies regarding adaptive locomotion it is clear that although vision 
primarily guides locomotion, behavioural strategies differ based on age and an individual’s stage 
of development. It remains unclear how manipulating an individual’s sensory information 
changes their behavioural strategies during an obstacle avoidance task. Moreover, it is uncertain 
whether an individual, who is already unstable, manipulates through an obstacle avoidance task 
similar to their typically developing peers.  
1.5 Developmental Coordination Disorder 
Developmental Coordination Disorder (DCD) is defined as, “an idiopathic movement 
disorder that affects the development of motor control and coordination without any obvious 
physical or neurological dysfunctions” (Gentle, Barnett, & Wilmut, 2016, p.346). DCD affects 5-
6 percent of all school-aged children, with difficulty coordinating both fine and gross motor 
skills that persist into adolescence and adulthood, interfering with everyday daily activities 
(CanChild, 2017). DCD is twice as common in males than females and is commonly associated 
with attention deficit hyperactivity disorder (ADHD), autism (ASD), and other learning disorders 
(CanChild, 2017). Children with DCD are prone to clumsy or awkward gait behaviours and 
frequently stumble and bump into objects in their path (CanChild, 2017; Gillberg & Kadesjo, 
2003). Individuals with DCD may have difficulty with perception and action integration leading 
to these abnormal gait behaviours.  
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In 1975, DCD was first recognized as “clumsy child syndrome”, however did not gain 
validity as a health problem until 1994 (CanChild, 2017). The diagnosis has been refined and is 
currently clinically diagnosed by an occupational therapist using the Diagnostic and Statistical 
Manual of Mental Disorders, fifth edition (DSM 5) (CanChild, 2017). The DSM 5 identifies 
DCD based on four diagnostic criteria. The DSM 5 diagnoses DCD as: motor coordination 
below the level expected based on chronological age and opportunity for skill learning; motor 
deficits significantly interfering with activities of daily living which are not better explained by 
an intellectual disability, visual impairment, or neurological condition; and that the onset of 
symptoms occurs in early childhood (American Psychiatric Association, 2013).  
1.5.1 fMRI Results in Diagnosing DCD 
 As stated above DCD is an idiopathic disease, in other words, there is no known cause to 
the development of DCD. Functional magnetic resonance imaging (fMRI) on individuals with 
DCD have been conducted to try and determine where the impairment of the disease originates. 
Querne and colleagues (2008) used fMRI and a go/no-go task to determine whether there was a 
dysfunction of the attentional brain network in children with DCD. Participants were required to 
press a response button upon the appearance of a sequential letter and not respond to any no-go 
trials. Although both TD children and children with DCD activated the same cerebral regions 
during the task, there were differences in activation between the groups. Children with DCD had 
an increased activation of the middle frontal cortex, anterior cingulate cortex, and inferior 
parietal cortex of the left hemisphere while, the striatium and parietal cortex of the right 
hemisphere decreased activity during the task, compared to TD children (Querne et al., 2008). 
This suggests that children with DCD have difficulty switching between go and no-go motor 
responses compensating by increasing activation of other regions of the brain. Similarly, 
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Debrabant and colleagues (2013) used fMRI to examine motor timing and activation during 
motor responses to a visual stimulus in children with DCD. They determined that children with 
DCD showed less activation than TD children in the right dorsolateral prefrontal cortex, the left 
posterior cerebellum and right temporo-parietal junction (Debrabant, Gheysen, Caeyenberghs, 
Van Waelvelde, & Vingerhoets, 2013; Peters, Maathuis, & Hadders-Algra, 2013). The results 
from the fMRI studies suggest that DCD may not originate from one area of the brain. Instead, 
individuals with DCD may have an abnormality in brain hemispheric specialization, requiring 
extra processing demands during visually guided motor reactions, resulting in motor 
coordination deficits during everyday activities (Debrabant et al., 2013; Querne et al., 2008). 
This would result in a difficulty in adaptive locomotion, which is highlighted by children with 
DCD’s clumsy behaviour.  
1.5.2 Static Balance and DCD 
Understanding how children with DCD maintain their postural control and the use of 
their sensory systems during a static balance task is fundamental to understanding how 
individuals with DCD maintain dynamic stability during locomotion. Children with and without 
DCD were asked to quietly stand on a force plate for 30 seconds under the following conditions: 
stand on their dominant leg; stand on non-dominant leg; stand on both legs with their eyes open 
and their eyes closed (Geuze, 2003a; Geuze, 2003b; Tsai, Wu, & Huang, 2008; Wann, Mon-
Williams, Rushton, 1998). Confirming the findings by Shumway-Cook & Woollacott (1985), as 
difficulty of conditions increased all individuals, regardless of age or disorder, showed an 
increase in postural sway. Geuze (2003b) found that children with DCD performed similar to 
typically developing children during all standing trials. Since fMRI studies on children with 
DCD suggest that they upregulate vision to compensate for a difficulty integrating information, 
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postural sway was expected to change with the removal of vision. However, variability in 
postural sway in children with DCD compared to their age matched TD children was not 
significantly different (Geuze, 2003b). Wann and colleagues (1998) continued to analyze 
postural sway with a visual moving stimulus in 3-4 year old children, children with DCD (10-12 
years), age matched controls, and adults. Similar to the 3-4 year olds, who relied heavily on 
visual input based on their stage of development, children with DCD had difficulties maintaining 
their postural control (Wann, Mon-Williams, & Rushton, 1998). These results suggest that 
children with DCD may have a delay in development of the integration of sensory systems as 
they performed similar to infants. Moreover, other studies analyzing postural sway profiles in 
children with DCD have demonstrated greater double support CoP displacement in all conditions 
compared to typically developing peers. Children with DCD had greater AP postural sway when 
vision was removed suggesting that children with DCD may be delayed in integrating vestibular 
and somatosensory information compared to their peers (Tsai et al., 2008; Wann, Mon-Williams, 
& Rushton, 1998).  
Based on the current literature regarding postural control in children with DCD, it would 
appear that children with DCD have greater variability, which may be due to a difficulty with 
sensory integration leading to difficulties with adaptive locomotion.  
1.5.3 Adaptive Locomotion and DCD 
Only recently has research begun to measure behaviour and locomotor patterns in 
individuals with DCD (Wilmut, Du, & Barnett, 2016; Wilmut, Gentle, & Barnett, 2017. 
Individuals with DCD have higher normalized step width and a higher variability in time spent in 
double support due to poor dynamic stability, compared to TD children (Wilmut, Du, & Barnett, 
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2016). This suggests that individuals with DCD spend more time in double support during 
locomotion in order to maintain balance, possibly due to a difficulty with sensory integration.  
Adaptive locomotor tasks are used to identify whether children with DCD have a 
deficiency in perception-action integration. Such adaptive locomotor tasks may include walking 
on uneven terrain, obstacle crossing, and obstacle avoidance tasks. Gentle and colleagues (2016) 
studied typically developing children and children with DCD while walking on an uneven 
terrain. Individuals with DCD had an increased variability in walking patterns and differences in 
spatio-temporal gait (Gentle et al., 2016). Children with DCD walked slower with shorter, wider 
steps and inclined their head more toward the ground to try and preserve stability on the uneven 
terrain, illustrating motor control difficulties during gait. However, gaze behaviour was not 
examined therefore, it is unknown whether individuals with DCD require a constant up-
regulation of vision in order to compensate for proprioceptive input or a difficulty with sensory 
integration.  
Wilmut & Barnett (2017a, 2017b), examined foot placement and anticipatory movement 
in individuals with DCD during obstacle circumvention. Participants walked along a walkway, at 
his or her own pace, toward a gate that had the potential to remain open or close, causing the 
individual to circumvent the gate (Wilmut & Barnett, 2017a; Wilmut & Barnett, 2017b). Both, 
TD and children with DCD (7-11 years) had similar number and magnitude of step length and 
width adjustments prior to obstacle circumvention (Wilmut & Barnett, 2017b). However, TD 
children had higher number of adjustments two to three steps prior to circumvention compared to 
7-11 year old children with DCD, suggesting that children with DCD required greater 
preparation due to difficulty with motor planning (Wilmut & Barnett, 2017b). In comparison to 
Vallis & McFayden’s (2005) obstacle circumvention task in TD children and YA, TD children 
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consistently respond two to three steps prior to obstacle circumvention. Interestingly, children 
with DCD respond similar to young adults (19-34 years), making adjustments well in advance to 
obstacle circumvention due to the inability to process the potential of the obstacle gate remaining 
open (Wilmut & Barnett, 2017a; Wilmut & Barnett 2017b). It can be concluded that YA 
proficiently avoided the obstacle beginning the obstacle circumvention task by finding the path 
of least disruptions whereas, children with DCD may have a difficulty with motor processing 
resulting in always circumventing away from the obstacle (Vallis & McFayden’s 2005, Wilmut 
& Barnett, 2017a, Wilmut & Barnett 2017b).  
Deconinck and colleagues (2010) measured single obstacle crossing behaviours in 
children with DCD compared to TD children. Children were required to walk along a 9.6m flat 
pathway and cross a rod 4.5 m along the pathway, 5% or 30% of leg length under normal visual 
conditions (Deconinck, Savelsberg, De Clercq, & Lenoir, 2010).  Both TD children and children 
with DCD approached the obstacle at equal speeds and crossed the obstacle using similar gait 
techniques. Crossing the obstacle involved lengthening the distance of the lead step and 
decreased the spatial variability after crossing the obstacle, reflecting a typical visual guidance 
strategy to achieve optimal crossing (Deconinck et al., 2010). Children with DCD had the same 
toe clearance, trail limb foot placement, and lead limb foot placement as typically developing 
children however, had difficulty maintaining medio-lateral CoM during obstacle crossing. 
Therefore, children with DCD did not have different strategies of obstacle crossing compared to 
typically developing children but rather had a difficulty controlling lateral sway in single 
support.  
Together these findings suggest that individuals with DCD have a difficulty with 
perception-action integration, leading to the belief that individuals with DCD have a deficiency 
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during adaptive locomotion. If children with DCD require longer processing of sensory 
information, then they would have difficulties planning appropriate strategies of crossing over 
multiple obstacles.  
The overall objective of the thesis was two-fold: 1) to understand the development of 
motor planning strategies in a typically developing children during a multiple obstacle clearance 
task under various sensory manipulation conditions; and 2) to understand how an atypical 
developmental population (i.e., children with DCD) plan for the avoidance of multiple obstacles. 
It is hypothesized that during a multiple obstacle clearance task, motor planning strategies will 
differ in a typically developing children compared to YA while in an atypical population, motor 
planning strategies will be highly variable resulting in poor obstacle clearance techniques. 
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CHAPTER 2:  
Manipulating sensory information: obstacle clearance strategies between typically 
developing children and young adults  
 
2.1 Introduction  
 Locomotion rarely occurs on a flat, stable, obstacle-free environment. Instead, individuals 
constantly navigate through a complex environment, stepping over and around obstacles in order 
to reach an end goal. Adaptive locomotion involves the integration of information from the three 
primary sensory systems; vision, somatosensory, and vestibular, in order to successfully reach an 
end goal (Patla, 1996).  
Obstacle crossing is a form of adaptive locomotion that demonstrates a clear relationship 
between perception and action integration. Successful obstacle crossing involves appropriate 
motor planning including proper foot placement, step length, and walking speed (Austin, Garrett, 
& Bohannon, 1999; Patla & Rietdyk, 1993). Moreover, during locomotion individuals receive 
feedback information through the visual, somatosensory, and vestibular system. Although all 
three sensory systems aid in maintaining dynamic stability during locomotion, the visual system 
predominantly proactively guides adaptive locomotion. The visual system provides instantaneous 
information allowing the individual to interpret their surroundings and take appropriate 
anticipatory or feed-forward action, to guide movement and avoid an object (Patla, 1996; Patla, 
1997). In order to successfully cross an obstacle, individual’s utilize feedforward control, 
requiring visual information about one’s surrounding at a minimum of two steps prior to crossing 
(200-300ms) (Patla, Adkin, Martin, Holden, & Prentice, 1996; Patla & Vickers, 1997). Two 
steps prior to obstacle crossing, young adults (20-22 years) have already planned for an 
appropriate obstacle clearance and switch their fixation from the obstacle to their point of 
destination (i.e., travel fixation). When visual information is only available for less than 200-
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300ms prior to obstacle crossing, individuals use online control to guide locomotion, increasing 
visual information by fixating on the ensuing step after every step (Hollands et al., 1995; Patla, 
Adkin, Martin, Holden, & Prentice, 1996). However, when visual information is withheld, 
individuals are unable to adapt their locomotor strategy quick enough, causing them to become 
unstable (Matthis & Frajen, 2013).  
Walking on an uneven or unstable surface, such as walking on rocks or sand, alters the 
amount of somatosensory information provided to the individual during locomotion. As a result, 
individual’s step length, step width, and time spent in double support increases as a method of 
maintaining dynamic stability when walking on a compliant surface (MacLellan & Patla, 2006b, 
Marigold & Patla, 2005). Changes to individual’s locomotor and obstacle clearance strategies 
suggest that the somatosensory information is an important sensory input necessary to maintain 
stability during obstacle crossing.  
 Adaptive locomotion behaviours are not consistent across the lifespan. By 7-12 years of 
age, typically developing (TD) children are expected to be cognitively developed and have adult-
like postural control during locomotion (Pryde, Roy, & Patla, 1997; Shumway-Cook & 
Woollacott, 1985). However, children’s obstacle crossing strategies differ from young adults. 
Although children are able to complete an obstacle crossing task, they are highly variable and 
have a difficulty with anticipatory muscle activation compared to young adults (McFadyen, 
Malouin, & Dumas, 2001). Moreover, when a secondary obstacle-crossing task is introduced, 
children plan for the avoidance of each obstacle separately whereas, young adults plan for the 
avoidance of both obstacles prior to crossing the first obstacle (Krell & Patla, 2002; Vallis & 
McFadyen, 2005; Berard & Vallis, 2006). Poor planning strategies in children (7 years) 
compared to young adults may be due to an under-developed central nervous system (i.e., have 
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not fully developed anticipatory motor strategies). However, it remains unclear whether children 
(8-12 years old) have difficulty with multisensory integration or anticipatory motor strategies 
resulting in differences in obstacle crossing techniques during a multiple obstacle crossing task. 
The purpose of the current study was: 1) to examine the visuomotor planning strategies 
during a multiple obstacle clearance task in children compared to young adults and 2) to examine 
the effect of the manipulation of the availability of visual information and somatosensory 
information during a multiple obstacle clearance task in children compared to young adults.  
It was hypothesized that children (8-12 years old) will have difficulty with planning for 
the avoidance of two obstacles, taking two steps between obstacles, due to an underdeveloped 
cortex, compared to YA (Berard & Vallis, 2006; McFadyen et al., 2001). As well, children (8-12 
years old) are expected to have high variability in obstacle clearance characteristics when visual 
information about the obstacle was withheld until two steps prior to obstacle clearance and on 
foam terrain, due to difficulty with multi-sensory integration and the reliance of the visual 
system, compared to YA.  
2.2 Methodology for Study  
2.2.1 Participants: 
 Sixteen young adults (YA) ( ?̅?= 22 years ±0.96, 171cm ±11.54, nine females) and sixteen 
children (?̅?=9 years ±1.07, 142.44cm ±9.66, eleven females) participated in the study [Table 1]. 
Both, YA and children were free of any known neurological disorders or motor disorders, 
concussion free for at least 2 years, and had normal or corrected to normal vision. All 
participants and guardians of participants (for the children) provided informed consent, 
completed a health history questionnaire, and children provided informed assent. The health 
history questionnaire provided demographics such as: age, sex, and height, as well as 
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information on any known neurological disorders, motor disorders, visual impairments, and 
previous concussions that would result in exclusion of participation. The study’s procedures 
received ethical clearance from the university’s Research Ethics Board. 
Table 1: Participant characteristic’s including age, sex, and height 
 
2.2.2 Experimental Design:  
 The study was conducted in the Lifespan PsychoMotor Behaviour (LPMB) laboratory at 
Wilfrid Laurier University. The experiment took place in a large rectangular room (14m by 6m) 
with a 2m by 7m pathway along the midline of the room. A ceiling-mounted projector was 
located 5m along the path and was used to project none, one, or two 8cm wide rectangular 
obstacles onto the ground. The first obstacle was projected 5m along the path while the second 
obstacle, when present, was projected 1.0m beyond the first obstacle. A trigger switch was 
placed approximately 2 steps prior to the first obstacle (1.20m) and was used to delay the 
appearance of the obstacle(s) on some trials. An end goal was located at the end of the 7m 
pathway [Figure 1]. Participants walked on two different terrains: a hard flat surface terrain, and 
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a compliant terrain made of medium density foam (10cm in height). The hard surface terrain 
represented normal walking conditions (flat ground), while the compliant surface was used to 
make the somatosensory information from the feet inaccurate (foam terrain). 
 
Figure 1:  Experimental space including 2mx7m pathway with two obstacles projected onto the 
ground 5m along the pathway. The second obstacle is located 1.0m beyond the first obstacle and 
the projected obstacles were 8cm wide. A trigger switch was placed 1.2m from the first obstacle 
to trigger the delayed appearance of the obstacles. 
 
Kinematic data was collected using the Optotrak motion capture system (Northern Digital 
Inc., Waterloo, ON) at a sampling frequency of 60 Hz. Specifically, five Optotrak motion 
analysis cameras with, were positioned around the collection area in order to capture kinematic 
data of the participant throughout each trail. Each participant was outfitted with three forward 
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facing rigid bodies, each containing three Infrared Emitting Diodes (i.e., IRED markers). The 
rigid bodies were secured to the participants using a harness fixed at the sternum and the anterior 
portion of the left and right feet [Figure 2]. Along with the rigid body, imaginary points were 
digitized on the participant’s left and right glenohumeral (GH) joints, the left and right anterior 
superior iliac spines (ASIS), the left and right heels, and the left and right great toes. The 
digitized points were used to determine the location of the shoulders, hips, heels, and great toes 
relative to the rigid bodies at any point in time as the participants walked along the pathway.   
 
Figure 2: Each participant was outfitted with three rigid bodies (triangles).  Each rigid body was 
attached to the sternum and the anterior portion of the left and right foot. Points were digitized on 
the left and right GH, ASIS, heel, and great toe.  
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2.2.3 Protocol: 
 Participants completed the task barefoot, to ensure that the participants’ gait were not 
influenced by shoe support. Once marker set-up was complete, participants completed 3 baseline 
walking trials without the appearance of any obstacles. During which, participants were 
instructed to walk at their natural pace to get comfortable walking in the equipment and within 
the experimental space. Following the baseline walking trials, participants were instructed to 
walk at their normal pace along the 7m pathway to reach the end goal, while avoiding none, one, 
or two obstacles. Participants were instructed to avoid stepping on the obstacles by stepping over 
the obstacles. Along with the number of obstacles, the amount of visual information was also 
manipulated such that visual information regarding the presence and number of obstacles was 
presented at either the start of steady state locomotion (full vision) or two steps prior to the first 
obstacle (delayed vision). The accuracy of somatosensory information from the participants’ feet 
was also manipulated by walking on both flat ground (i.e., accurate somatosensory information) 
and a compliant surface (foam; i.e., inaccurate somatosensory information) terrain. A total of 36 
completely randomized trials were completed, 18 (i.e., 3 different obstacle presentations x 2 
visual conditions x 3 trials per condition) trials on flat ground and 18 trials on the compliant 
terrain. The flat ground terrain was used first as a baseline measure to determine individuals’ 
obstacle crossing behaviours with single and double obstacles and the importance of vision at 
different time points along the path. Once the 18 trials on flat ground were completed, 18 trials 
on the foam terrain were completed. The foam terrain was used to determine how individuals 
adapt to a manipulated somatosensory system when crossing an obstacle.  
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2.2.4 Data Analysis 
Approach Phase Characteristics 
 The approach phase was defined as the time from the start of movement up to the time 
when the participants reached the location of the trigger.  
 Approach Speed (m/s): the average of the instantaneous walking speed during the 
approach phase. Since the approach phase did not change based on the number of obstacles 
present, trials with one and two obstacles were combined when determining approach speed.  
Approach speed was calculated using the equation: 
𝑆𝑝𝑒𝑒𝑑((
*
+
) = 	 ./012./31
4/0124/31
,          (1) 
where d is the distance travelled over two consecutive frames, ti is the time interval over two 
consecutive frames (i.e., 1 frames/ 60 Hz = 0.0167 seconds).  
Crossing Phase Characteristics 
The crossing phase was defined as the time in which the participants crossed the obstacle 
location area (i.e., obstacle clearance of one or both obstacles). Variability was assessed using 
the coefficient of variation. Coefficient of variation (variability) was calculated using the 
standard deviation divided by the mean and was expressed as a percent (%). Obstacle clearance 
characteristics were defined based on whether the individual’s foot was considered the lead foot 
(i.e., crossing the obstacle first) or the trail foot (i.e., crossing the obstacle second) relative to the 
obstacle [Figure 3]. 
 36 
 
Figure 3: Aerial view of the pathway with A) a single obstacle, B) double obstacles, and C) the 
obstacle clearance terminology relative to the obstacle such as Lead 1, Trail 1 or Trail 2. 
 
Footfall position (cm): gait characteristics were determined by calculating the difference 
between the anterior-posterior position of the trunk and each foot rigid body throughout the gait 
cycle. When a foot was in heel contact, the difference between the foot and the trunk marker was 
at a minimum (i.e., negative), while at toe off the difference was at a maximum value (i.e., 
positive). A footfall was classified as the time period from heel contact until toe off of the same 
foot. During each footfall, the average anterior-posterior and medial lateral location of each of 
the foot markers (foot rigid body, heel, and toe) were calculated.  
Lead 1(cm): the anterior-posterior position of the heel, following obstacle clearance, 
relative to the back edge of the first obstacle. Lead 1 average position and variability was 
assessed within each condition.  
Trail 1 (cm): the anterior-posterior toe position relative to the front edge of the first 
obstacle during obstacle clearance. Trail 1 average position and variability was assessed within 
each condition.  
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 Trail 2 (cm): the final anterior-posterior toe position relative to the front edge of the 
second obstacle prior to obstacle clearance. Trail 2 average position and variability was assessed 
within each condition.  
Step Length (cm): the distance of the anterior-posterior heel position of one foot during a 
footfall to the anterior-posterior heel position of the other foot during a subsequent footfall.  
Crossing speed (m/s): the average of the instantaneous walking speed from the time of 
heel contact of Trail 1 foot until obstacle clearance of the second obstacle (i.e., Lead 2 heel 
contact).  Crossing speed was calculated similar to approach speed (see equation (1)).  
2.2.5. Statistical Analysis 
For each variable, the data were assessed for normality using the Kolmogrov-Smirnoff 
test for normality and equality of variance using Levene’s test for equality of variance. As well, 
each variable were assessed for sphericity. If sphericity was violated, the Greenhouse-Geisser 
correction factor was reported. As well, for each repeated measures mixed ANOVA a Bonferroni 
correction was used to correct for multiple comparisons. The effect size of each variable was 
reported using Cohen’s f (f) value. Effect sizes were evaluated based on whether they were 
considered low (f <0.25), medium (0.25³ f <0.4), and high (f³ 0.4). Only medium to high effect 
sizes were considered meaningful differences.  
Approach Phase Characteristics  
 Approach Speed was analyzed using a repeated measures mixed ANOVA comparing 
between age groups (YA and children), with two-level within factors of the amount of visual 
information present (full vision or delayed vision) and the type of terrain (flat ground or foam) 
were compared. 
Crossing Phase Characteristics 
 38 
 A repeated measures mixed ANOVA was conducted for the variable Lead 1 and Trail 1. 
Averages and coefficient of variation for each obstacle clearance variable were assessed. The 
effect of age group (YA and children) was compared for each variable as well as, two-level 
within factors of the amount of visual information present (full vision or delayed vision), the 
number of obstacles present (1 or 2 obstacles), and the type of terrain (flat ground or foam) were 
compared. 
A repeated measures mixed ANOVA was conducted for the variable Trail 2, assessing 
average and within subject variability within each condition. The effect of age group and a two-
level within factor of visual information (full vision or delayed vision) and type of terrain (flat 
ground or foam) were compared for Trail 2. 
A secondary analysis, Pearson’s chi-square was conducted for each age group (YA and 
children) to determine the number of steps between the two obstacles (1 or 2 steps) on flat 
ground and on foam terrain. This analysis was completed in order to see differences in motor 
planning strategies when two obstacles were present between age group on flat ground compared 
to foam terrain, that specific obstacle clearance characteristics did not identify.  
Step Length was also assessed using a repeated measures mixed ANOVA. Step Length was 
compared between age groups (YA and children), with a two-level within factor of the type of 
terrain present (flat ground or foam) and a three-level within factor looking at the step length 
when one obstacle was present and the step length across the first and second obstacle when two 
obstacles were present.  
Crossing Speed was analyzed using a repeated measures mixed ANOVA comparing between 
age groups (YA and children), with two-level within factors of the amount of visual information 
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present (full vision or delayed vision), the number of obstacles present (1 or 2 obstacles), and the 
type of terrain (flat ground or foam) were compared. 
2.3 Results  
In line with the purpose of the study, comparisons were only considered for age group as 
well as interactions involving age group.  
 2.3.1 Approach Phase Characteristics   
Approach Speed 
During the approach phase of the obstacle clearance task, there was a main effect of age 
group on approach speed (F(1,62)=11.99, p=.001, f=.44). Children’s approach speed was slower 
(1.02m/s) than YA (1.11m/s) [Figure 4]. There was an interaction effect between terrain and age 
group (F(1,62)=7.01, p=0.01, f=.34). Young adults approach speed was the same regardless of 
walking on flat ground or foam terrain (1.11m/s). However, children had a slower approach 
speed on foam terrain (1.00m/s) compared to flat ground terrain (1.05m/s) [Figure 4]. There was 
no interaction effect on approach speed between the amount of visual information provided 
about the obstacle and age group (F(1,62)=.57, p=.45, f=.10) or between the amount of visual 
information, type of terrain, and age group (F(1,62)= 1.56, p=.22, f=.16).  
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Figure 4: Average approach speed during the approach phase (i.e., from the start position to the 
trigger). This graph shows a main effect of age group on approach speed (p=.001) and the 
interaction effect of the type of terrain and age group on approach speed (p=.01).  
 
2.3.2 Crossing Phase Characteristics  
Crossing Speed 
During obstacle clearance, there was a main effect of age group for crossing speed 
(F(1,30)=7.50, p=.010, f=0.5). On average, children had a slower crossing speed (1.20m/s) 
compared to YA (1.33m/s) [Figure 5]. There was an interaction effect between the amount of 
visual information provided about the obstacle(s) and age group (F(1,30)=12.10, p=.002, f=.63). 
There was no difference in YA’s crossing speed regardless of whether obstacle appearance 
occurred at the start of steady state locomotion (1.33m/s) or delayed to two steps prior to 
obstacle clearance (1.33m/s). Children’s crossing speed was slower when the appearance of 
obstacle(s) occurred two steps prior to obstacle clearance (1.17m/s) compared to when obstacle 
appearance occurred at the start of steady state locomotion (1.23m/s) [Figure 5]. There was also 
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an interaction effect between the type of terrain and age group on crossing speed (F(1,30)=6.12, 
p=.02, f=.45). Regardless of the type of terrain (flat ground or foam), YA’s crossing speed was 
similar (1.34m/s, 1.31m/s, respectively) whereas, children’s crossing speed was slower on flat 
ground (1.17m/s) compared to foam terrain (1.23m/s) [Figure 6].  
There were no interaction effects on crossing speed between the number of obstacles 
present and age group (F(1,30)=.70, p=.41, f=.15), or the amount of visual information provided 
about the obstacles, the number of obstacles, and age group (F(1,30)=.36, p=.55, f=.11). There 
were no interaction effects on crossing speed between the amount of visual information provided 
about the obstacle, the type of terrain, and age group (F(1,30)=.02 p=.90, f=.032), between the 
number of obstacles, type of terrain, and age group (F(1,30)=.18, p=.67, f=.08), or between the 
amount of visual information provided about the obstacles, the number of obstacles present, the 
type of terrain, and age group (F(1,30)=.04, p=.84, f=.032).  
 
Figure 5: Average crossing speed during obstacle clearance. This graph shows a main effect of 
age group on crossing speed (p=.01) and the interaction effect of visual information and age 
group (young adults and children) on crossing speed (p=.002).  
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Figure 6: Average crossing speed from the trigger to the clearance of the obstacle(s). This graph 
shows the interaction effect of crossing speed on flat ground and foam between groups (p=.02). 
 
Lead 1 Average Foot Position 
Following crossing the first obstacle, there was a main effect of age group on Lead 1 foot 
position (F(1,30)=18.97, p=.0001, f=.79). Children’s Lead 1 foot position was closer to the first 
obstacle (33.79 ± 8.30cm) compared to YA’s Lead 1 foot position (43.94 ± 9.75cm) [Figure 7]. 
There was an interaction effect between age group, the number of obstacles, and the type of 
terrain (F(1,30)=6.02, p=.02, f=.45). When one obstacle was present, children’s Lead 1 foot 
position was closer to the first obstacle on flat ground (28.61 ± 7.33cm) compared to foam 
terrain (38.25 ± 5.50cm). When two obstacles were present, children’s Lead 1 foot position was 
closer to the first obstacle on flat ground (28.18 ± 6.64cm) compared to foam terrain (40.12 ± 
5.65cm). When one obstacle was present, YA’s Lead 1 foot position was closer to the first 
obstacle on flat ground (37.71 ± 9.71cm) compared to foam terrain (47.30 ± 9.08cm). When two 
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obstacles were present, YA’s Lead 1 foot position was closer on flat ground (41.20 ± 8.61cm) 
compared to foam terrain (49.54 ± 6.85cm) [Figure 8]. There were no interaction effects between 
vision and age group (F(1,30)=3.35, p=.08, f=.33), the number of obstacles and age group 
(F(1,30)=3.79, p=.06, f=.36), or the type of terrain and age group (F(1,30)=1.41, p=.25, f=.22). 
There were no interaction effects for Lead 1 between the amount of vision information, the type 
terrain, and age group (F(1,30)=.55, p=.47, f=.14), no effect of the number of obstacles, the 
amount of visual information, and age group (F(1,30)=.45, p=.51, f=.12), or between the amount 
of visual information, the number of obstacles, the type of terrain, and age group (F(1,30)=.043, 
p=.84, f=.03).  
 
Figure 7: Mean Lead 1 foot position from the first obstacle. YA Lead 1 foot position was 
significantly further from the obstacle compared to children (p=.0001).  
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Figure 8: Mean Lead 1 foot position from the first obstacle. This graph shows the interaction 
effect of Lead 1 foot position when one obstacle and two obstacles were present, on flat ground 
and foam terrain and between young adults and children (p=.02).  
 
Lead 1 Foot Position Variability  
 
In terms of the variability in Lead 1 foot position relative to the first obstacle, there was 
an interaction effect between the type of terrain and age group (F(1,30)=4.26, p=.05, f=.38). 
Children’s Lead 1 coefficient of variation was the same on flat ground and foam terrain (16%). 
YA’s Lead 1 coefficient of variation on flat ground was 21% while on foam terrain YA’s Lead 1 
coefficient of variation was 7%. There was an interaction effect between the amount of visual 
information provided, the type of terrain, and age group (F(1,30)=4.18, p=0.05, f=.37). On flat 
ground, when visual information was provided at the start of steady state locomotion, children’s 
Lead 1 coefficient of variation was 17%, while YA’s Lead 1 coefficient of variation was 10%. 
When visual information about the obstacle was delayed to two steps prior to obstacle clearance, 
children’s Lead 1 coefficient of variation was 14% and YA’s Lead 1 coefficient of variation was 
31%. On foam terrain, when visual information was provided at the start of steady state 
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locomotion, children’s Lead 1 coefficient of variation was 14%, while YA’s Lead 1 coefficient 
of variation was 6%. When visual information about the obstacle was delayed to two steps prior 
to obstacle clearance, children’s Lead 1 coefficient of variation was 17% and YA’s Lead 1 
coefficient of variation was 7%. All other interaction effects were not significant. There was no 
main effect of age group (F(1,30)=.18, p=.68, f=.08). There were no interaction effects between 
the number of obstacles and age group (F(1,30)=1.66, p=.21, f=.24) or between the amount of 
visual information provided and age group (F(1,30)=2.40, p=.13, f=.28). There were no 
interaction effects between the amount of visual information provided, the number of obstacles, 
and age group (F(1,30)=3.25, p=.08, f=0.33), the number of obstacles, the type of terrain, and 
age group (F(1,30)=.29, p=.60, f=.10). There was no interaction effects between the amount of 
visual information provided, the number of obstacles, the type of terrain, and age group 
(F(1,30)=2.85, p=.102, f=0.31).  
Trail 1 Average Foot Position 
For Trail 1, there was no main effect of age group (F(1,30)=.43, p=.57, f=0.13). 
Children’s Trail 1 foot position was 18.89cm (±6.72cm) from the obstacle and YA’s Trail 1 foot 
position was 17.76cm (±6.13cm) from the obstacle. There was an interaction effect between age 
group and amount of visual information present (F(1,30)=8.97, p=.005, f=.55). When visual 
information about the obstacle was provided at the start of steady state locomotion, children’s 
Trail 1 foot position relative to the first obstacle was 20.22 (±6.72cm) while YA’s Trail 1 foot 
position relative to the first obstacle was 17.14 (±6.06cm). When visual information about the 
obstacle was provided two steps prior to obstacle clearance, children’s Trail 1 foot position 
relative to the first obstacle was 17.56 (±6.50cm) while YA’s Trail 1 foot position relative to the 
first obstacle was 18.38 (±6.18cm) [Figure 9]. There were no interaction effects between the type 
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of terrain and age group (F(1,30)=.01, p=.93, f=.01) or the number of obstacles and age group 
(F(1,30)=.16, p=.69, f=.07). There were also no interaction effects between the amount of visual 
information, the number of obstacles, and age group (F(1,30)=.24, p=.62, f=.09), the amount of 
visual information, the type of terrain, and age group (F(1,30)=.26, p=.62, f=.09), or the number 
of obstacles, type of terrain, and age group (F(1,30)=.72, p=.40, f=.15). There were no interaction 
effects between the amount of visual information, the number of obstacles, the type of terrain, 
and age group for the variable Trail 1 (F(1,30)= .81, p=.38, f=.16).  
 
Figure 9: Mean Trail 1 foot positions from the first obstacle was compared when visual 
information about the obstacle was provided at the start of steady state locomotion (full vision) 
and when visual information about the obstacle was provided two steps prior to obstacle crossing 
(delayed vision) between young adults and children (p=.005).  
 
Trail 1 Foot Position Coefficient of Variartion 
Trail 1 foot position variability revealed no main effect of age group (F(1,29)=1.08, 
p=.31, f=.19). Children’s Trail 1 coefficient of variation (31%) was similar to YA’s Trail 1 
coefficient of variation (27%). There was an interaction effect between the type of terrain and 
age group (F(1,29)=10.55, p=.003, f=.60). On flat ground, children’s Trail 1 foot position’s 
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coefficient of variation was 20% while YA’s Trail 1 foot position’s coefficient of variation was 
30%. On foam terrain, children’s Trail 1 foot position’s coefficient of variation was 42% while 
YA’s Trail 1 foot position’s coefficient of variation was 23%. All other interactions were not 
significant. There was no interaction effects on Trail 1 foot position coefficient of variability 
between: the number of obstacles and age group (F(1,30)=3.35, p=.08, f=.34); between the 
amount of visual information and age group (F(1,30)=.36, p=.55, f=.11);  between the type of 
terrain, the number of obstacles, and age group (F(1,30)=.14, p=.71, f=.07); between the type of 
terrain, the amount of visual information, and age group (F(1,30)=.12, p=.74, f=.06); between the 
amount of visual information, the number of obstacles, and age group (F(1,30)=.60, p=.44, 
f=.20); There were also no interaction effects on Trail 1 foot position coefficient of variation 
between the amount of visual information provided, type of terrain, the number of obstacles, and 
age group (F(1,30)=.0001, p=.99, f=.01).  
Trail 2 Average Foot Position 
Trail 2 foot position revealed a main effect of age group (F(1,30)=5.18, p=.03, f=0.42). 
Children’s Trail 2 foot position was closer to the second obstacle (28.93 ± 10.81cm) compared to 
YA’s Trail 2 foot position (35.12 ± 10.53cm) [Figure 10]. There was an interaction effect 
between the type of terrain and age group (F(1,30)=26.49, p=.0001, f=.94). On flat ground, 
children’s Trail 2 foot position was closer to the second obstacle (23.00 cm ± 9.38cm) than YA’s 
Trail 2 foot position (36.98cm ± 11.58cm). On foam, there was no difference between children’s 
Trail 2 foot position (34.86 cm ± 8.78cm) and YA’s Trail 2 foot position (33.26cm ± 9.16cm) 
relative to the second obstacle [Figure 10]. There were no interaction effects of Trail 2 foot 
position between the amount of visual information provided and age group (F(1,30)=2.72, p=.11, 
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f=.30) or between the amount of visual information, terrain, and age group (F(1,30)=1,39, p=.25, 
f=.21).  
 
Figure 10: Mean Trail 2 foot position from the second obstacle. This graph shows the main 
effect of age group on Trail 2 foot position (p=.03) and the interaction effect of Trail 2 foot 
position the between the type of terrain (flat ground or foam) between young adults and children 
(p=.0001).  
 
Trail 2 Foot Position Coefficient of Variation 
Trail 2 foot variability revealed a main effect of age group (F(1,30)=10.12, p=.003, f=.58) 
such that, children were highly variable (12%) compared to YA (7%). There was an interaction 
effect between the type of terrain and age group on Trail 2 foot position (F(1,30)=5.59, p=.025, 
f=.43). On flat ground, children’s Trail 2 foot position coefficient of variation was 9.9% 
compared to YA’s Trail 2 foot position coefficient of variation was 8.8%. On foam terrain, 
children’s Trail 2 foot position coefficient of variation was 15% compared to YA’s Trail 2 foot 
position coefficient of variation was 5.2%. All other interaction effects on Trail 2 foot position’s 
coefficient of variation were not significant including amount of visual information provided and 
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age group (F(1,30)=1.86, p=.18, f=.25) and between the amount of visual information, type of 
terrain, and age group (F(1,30)= .11, p=.75, f=.06).   
Average Step Length 
In terms of step length during obstacle clearance, there was a main effect of age group 
(F(1,30)=19.37, p=.0001, f=.80). On average children had a smaller step length during clearance 
(63.11cm) compared to YA (80.57cm) [Figure 11]. There were no interaction effects on step 
length during obstacle clearance between obstacle number and age group (F(2,60)=.06, p=.83, 
f=.05); between the type of terrain and age group (F(1,30)=.06, p=.81, f=.05); or between 
obstacle number, the type of terrain, and age group  (F(2,60)=3.19, p=.07, f=.33). 
 
Figure 11: Average step length during obstacle clearance of one or both obstacles. Children had 
a lower average step length compared to young adults (p=.0001).  
 
Number of Steps between obstacles 
A frequency analysis was conducted to determine whether there was a difference between 
the number of steps taken between obstacles on flat ground and foam terrain between age groups. 
There was a strong association between the number of steps children took between obstacles and 
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the type of terrain (c2(1)=55.36, p=.0001). Children took one step in between obstacles 21.1% of 
the time on flat ground terrain and 75.3% of the time on foam terrain. As well, there was a strong 
association between the number of steps YA took between obstacles and the type of terrain they 
were on ((c2(1)=9.45, p=.002). YA took one step between obstacles 90.5% of the time on flat 
ground terrain and 100% of the time on foam terrain [Figure 12]. 
 
Figure 12: This graph represents the percent of time children and young adults took 1 step 
between obstacles when two obstacles were present (p=.0001). 
 
2.4 Discussion 
The objective of the current study was to investigate how the manipulation of the number 
of obstacles, visual information, and somatosensory information affected obstacle clearance and 
motor planning strategies between children and YA. It was hypothesized that children would 
have difficulties with motor planning strategies during a multiple obstacle clearance task. As 
well, it was hypothesized that children (8-12 years old) would have high variability in obstacle 
clearance characteristics when visual and somatosensory information was altered, compared to 
 51 
YA. This study revealed that by 8-12 years of age, children are able to successfully complete a 
multiple obstacle clearance task similar to YA, regardless of the amount of visual information or 
somatosensory information provided. However, children’s motor planning strategies and 
multisensory integration must be considered when determining adult-like strategies during a 
multiple obstacle clearance task.  
2.3.1 Motor Planning Strategies  
Proper Trail 1 foot position (i.e., plant foot position prior to crossing an obstacle) is 
critical in order to ensure success during an obstacle clearance task. Furthermore, when two 
obstacles are present, the Trail 1 foot position aids in understanding motor planning strategies. 
Krell & Patla (2002) found that YA trail limb foot position is closer to the first obstacle when 
two obstacles were present compared to when only one obstacle was present in order to ensure 
greater success in obstacle crossing. Similar to Berard and Vallis (2006), there were no 
significant differences between Trail 1 foot placements of YA or children when visual 
information about the obstacle was provided at the start of steady state locomotion [Figure 9]. 
The findings from the current study suggest that both groups targeted a similar location during 
obstacle clearance (i.e., Trail 1 foot position) in order to be successful. Since the obstacle was 
projected on the ground individuals did not have to worry about toe clearance, instead they 
focused on implementing a motor strategy in order to consistently complete the obstacle 
clearance task successfully.  
When analyzing step length between YA and children, motor planning strategies differed 
between groups. On flat-ground, children took two steps between the obstacles that were 
separated by 1m, while YA took only one step between the obstacles [Figure 12]. Alternatively, 
children planned for the avoidance of multiple obstacles separately on flat ground as they had 
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similar Trail 1 and Trail 2 foot positions relative to the obstacles. Similar to previous research, it 
seems children only plan for the avoidance of the first obstacle before planning for the avoidance 
of the second obstacle, while YA plan for the avoidance of both obstacles prior to crossing the 
first obstacle (Berard & Vallis, 2006). By 8-12 years of age it appears that children have not fully 
developed anticipatory/online strategies in terms of planning for appropriate motor behaviours 
during a multiple obstacle clearance task (MacFadyen et al., 2001). However, when 
somatosensory information was altered (on foam terrain), children seemed to have performed 
similar to YA, taking only one step between obstacles [Figure 14]. To determine why children 
seem to behave similar to YA on foam terrain, a number of variables need to be considered. For 
instance, the height of the individual, the desire to maintain momentum, and dynamic stability.  
Height cannot be ignored when discussing gait characteristics. When considering step 
length during obstacle clearance, it is not surprising children had an overall smaller step length 
compared to YA [Figure 11]. A decreased step length can also be determined by assessing the 
distance of the Trail 1 and Lead 1 foot positions between children and YA. Both groups had 
similar Trail 1 foot positions however children had significantly closer Lead 1 foot positions to 
the first obstacle compared to YA [Figure 7]. A decreased step length and differences in Lead 1 
foot positions could be explained by the height of the children. Children were overall smaller in 
height which means an overall smaller leg length (based on anthropometrics) and subsequently a 
smaller step length compared to YA. Based on leg length and being unfamiliar with the task, it is 
possible children were more cautious when two obstacles were present, taking two steps in 
between rather than one step between obstacles on flat ground. However, since children 
performed similar to YA on foam terrain, the differences on flat ground are most likely due to 
immature motor planning strategies rather than physical characteristics.  
 53 
As mentioned earlier, when somatosensory information was altered, children performed 
similar to YA during the multiple obstacle clearance task. An individual’s dynamic stability, the 
ability to maintain stability (i.e. control of CoM) while their BoS is constantly changing size 
during locomotion, becomes difficult when somatosensory information is altered (MacLellan & 
Patla, 2006b; Winter, 1995). Similar to previous research individuals change their gait 
characteristics during obstacle clearance on a compliant surface (MacLellan & Patla, 2006b). If 
children have not yet fully developed multisensory integration, then children would have 
difficulties upregulating working sensory systems and down regulating altered or removed 
sensory systems. Thus, completing an adaptive locomotor task on a compliant surface would 
challenge children’s dynamic stability. However, walking on a compliant surface affects 
dynamic stability mostly in the anterior-posterior direction (MacLellan and Patla, 2006a). The 
children in the current study appear to have adapted their locomotion to counter-act this anterior-
posterior disturbance to stability by increasing their overall momentum in order to maintain 
forward progression of locomotion. Momentum is calculated as the product of an individual’s 
mass and velocity and can be modified by changing one or both of these variables. Since each 
individual completed both the flat ground and the foam terrain conditions, mass of the individual 
did not change however, what could have changed between conditions was the velocity. 
Analyzing crossing speed, children walked faster on foam terrain compared to flat ground 
[Figure 6]. Therefore, an increased momentum caused children to perform similar to YA during 
the foam conditions. The idea of maintaining forward progression of locomotion to complete the 
task and become stable (i.e., on flat ground) overrides the planning of obstacle clearance in 
children. Therefore, children (8-12 years) are not performing similar to YA on a compliant 
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surface, but instead are counteracting the difficulty in maintaining dynamic stability due to 
immature anticipatory strategies and difficulty with multisensory integration. 
2.4.2 Multisensory Integration  
Both children and YA were able to successfully plan for the avoidance of the first 
obstacle regardless of the amount of visual information provided (full visual information or 
delayed visual information). However, children placed their Trail 1 foot placement significantly 
closer to the first obstacle when visual information about the obstacles was delayed, suggesting 
children had difficulty planning for proper foot placement and obstacle clearance strategy when 
using visual information on-line [Figure 9]. Since children placed their Trail 1 foot placement 
closer to the first obstacle when visual information about the obstacle was delayed, it is likely 
children had difficulty adapting to the unexpected obstacle and utilize feedforward control of 
locomotion during an obstacle clearance task (Patla et al., 1996; Patla & Vickers, 1997). At two 
steps prior to obstacle crossing, both YA and children adapt a travel fixation on the goal ahead 
rather than fixating on the obstacle (Patla et al., 1996; Patla & Vickers, 1997). However, children 
seem to have difficulty utilizing visual information on-line compared to YA, changing their Trail 
1 foot position in order to ensure successful clearance. Previous obstacle crossing research has 
found that YA will increase their toe clearance relative to the obstacle when visual information is 
restricted in order to ensure successful clearance (Bijman, Fisher, & Vallis, 2016; Mohagheghi, 
Mores, & Patla, 2004). Older adults during an obstacle crossing task with delayed visual 
information adopt a more conservative approach, decreasing their walking speed and increasing 
their obstacle crossing step in order to successfully cross obstacles during treadmill walking 
(Chen, Ashton-Miller, Alexander, & Schultz, 1991). Since the obstacles were projected onto the 
ground during the current study, individuals were not concerned about toe clearance during 
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crossing. Instead children adopted a more cautious strategy, placing their Trail 1 foot position 
closer to the first obstacle when visual information about the obstacle was delayed in order to 
ensure success. 
 Examining specific obstacle clearance characteristics, children were highly variable in 
Trail 1, Lead 1, and Trail 2 foot placements when completing the task on a compliant surface 
(i.e., foam terrain) compared to flat ground. High within-subject variability on foam terrain 
would suggest children have difficulty up-regulating accurate sensory systems while down-
regulating inaccurate somatosensory information compared to YA (Shumway-Cook & 
Woollacott, 1985). Therefore, children (8-12 years old) still have difficulty with multi-sensory 
integration. As well, it seems children (8-12 years old) are still relying heavily on visual 
information (i.e., feedforward control). Similar to older adults, during the crossing phase, 
children’s walking speed was significantly slower when visual information was not provided 
until two steps prior to obstacle crossing [Figure 5] (Chen, Ashton-Miller, Alexander, & Schultz, 
1991). A slower crossing speed compared to the full visual conditions and YA, would suggest 
children require longer processing of visual information about obstacle clearance strategies in 
order to plan an appropriate action. Together, a slower crossing speed and difficulty planning for 
the clearance of obstacles when visual information is delayed would suggest that, by 8-12 years 
old children are still relying on visual information in advance in order to plan an appropriate 
action. As well, high variability on foam terrain suggests 8-12 year old children are still having 
difficulty with balancing multi-sensory integration and are not yet adult-like.  
2.5 Conclusion 
 The present study found that children and YA were able to successfully avoid stepping on 
multiple virtual obstacles under various sensory conditions without falling. Children and YA 
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utilize a feedforward visual information to control and guide their obstacle clearance behaviours. 
However, children (8-12 years old) still rely heavily on visual information during an adaptive 
locomotor task and seem to have difficulty with multisensory integration. Similar to previous 
research, children have difficulty planning for the avoidance of multiple obstacles compared to 
YA. Therefore, children (8-12 years old) appear to not have fully developed adult-like 
anticipatory strategies (motor planning strategies) (MacFadyen et al., 2001). When 
somatosensory information is altered, although highly variable, children seem to perform similar 
to YA, planning for the avoidance of both obstacle prior to crossing the first obstacle. However, 
this “adult-like” strategy on a compliant surface is primarily due to an increase in crossing speed 
and subsequent momentum due to a difficulty with multisensory integration, immature 
anticipatory strategies, and a difficulty maintaining dynamic stability.  
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CHAPTER 3: 
The effect of sensory manipulations during a multiple obstacle clearance task in children 
with Developmental Coordination Disorder 
3.1 Introduction: 
Within the environment, individuals constantly adapt to environmental constraints, such 
as avoiding obstacles, crossing through apertures, or walking on an irregular terrain, in order to 
get to a final destination (Patla, 1996). During adaptive locomotion, information about the 
environment is constantly being processed by the primary sensory system to allow for successful 
locomotion. Moreover, locomotion involves the central nervous system regulating rhythmicity, 
posture, and the ability to adapt to an individual’s surroundings (Pearson & Gordon, 2000). 
Obstacle crossing is a form of adaptive locomotion that demonstrates the perception, action 
integration relationship. Individuals are required to perceive the size and orientation of the 
obstacle and subsequently determine an appropriate motor planning strategy in order to 
successfully cross the obstacle. 
By 7-12 years of age a child is expected to be cognitively developed and have adult-like 
postural control during locomotion (Pryde, Roy, & Patla, 1997; Shumway-Cook & Woollacott, 
1985). Typically-developing (TD) children are able to successfully complete an obstacle 
avoidance task similar to young adults (YA), however the mechanism of completion differs 
(McFadyen et al., 2001; Vallis & McFadyen, 2005). TD children alter their gait patterns and 
anticipatory muscle activation in order to maintain stability suggesting middle-aged children may 
not be fully developed (McFadyen et al., 2001; Vallis & McFadyen, 2005). Moreover, 
introducing a secondary obstacle to cross requires appropriate motor planning strategies. YA 
plan for the avoidance of both obstacles prior to crossing the first obstacle whereas 7-year-old 
children are unable to plan for the avoidance of the second obstacle until the first obstacle is 
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complete (Berard and Vallis, 2006). Although vision primarily guides locomotion, behavioural 
strategies differ based on age and an individual’s stage of development. Furthermore, it remains 
unclear how individuals with a motor disorder manipulate an adaptive locomotor task.  
Developmental Coordination Disorder (DCD) is defined as, “an idiopathic movement 
disorder that affects the development of motor control and coordination without any obvious 
physical or neurological dysfunctions” (Gentle, Barnett, & Wilmut, 2016, p.346). Children with 
DCD are prone to clumsy or awkward gait behaviours and frequently stumble and bump into 
objects in their path (CanChild, 2017; Gillberg & Kadesjo, 2003). Individuals with DCD have 
higher normalized step width and a higher variability in time spent in double support due to poor 
dynamic stability, compared to TD children (Wilmut, Du, & Barnett, 2016). While walking on 
foam terrain, children with DCD walk slower with shorter, wider steps, and declined their head 
more toward the ground to try and preserve stability on the uneven terrain, illustrating motor 
control difficulties during gait. Deconinck and colleagues (2010) measured single obstacle 
crossing behaviours in children with DCD compared to TD children. Both TD children and 
children with DCD approached the obstacle at equal speeds and crossed the obstacle using 
similar gait techniques. Children with DCD had the same toe clearance, trail limb, and lead limb 
foot placement as typically developing children however, had difficulty maintaining ML CoM 
during obstacle crossing (Deconinck et al., 2010). Together these findings suggest that 
individuals with DCD have a difficulty with perception-action integration, leading to the belief 
that individuals with DCD have a deficiency during adaptive locomotion. If children with DCD 
require longer processing of sensory information, then they would have difficulties planning 
appropriate strategies of crossing over multiple obstacles.  
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The purpose of the current study was two-fold: 1) to examine visuomotor planning and 
perception-action coupling during a multiple obstacle clearance task in children with DCD 
compared to TD children and 2) to examine the effect of the manipulation of the availability of 
visual information and somatosensory information during a multiple obstacle clearance task in 
children with DCD compared to TD children.  
It was hypothesized that children with DCD were expected to have difficulty in 
generating proper foot placement prior to crossing the first obstacle when completing a 
successive multiple obstacle crossing task due to difficulty with motor planning compared to TD 
children. As well, children with DCD are expected to have high variability in obstacle clearance 
characteristics when somatosensory and visual information are altered due to difficulty with 
multisensory integration and the reliance of visual information, compared to TD children. 
3.2 Methodology for Study  
3.2.1 Participants: 
Three children with DCD (one female, 11 years ±1.41, 151cm ±1.41) and sixteen 
typically developing (TD) children (eleven females, 9 years ± 1.07, 142.44cm ± 9.66) 
participated in the study [Table 2, see Chapter 2 Table 1 for TD children]. DCD participants 
were diagnosed by an occupational therapist in accordance with the DSM-5 criteria and did not 
have any significant visual impairments as reported by the parents or guardians of the children. 
Children with DCD were recruited by posting a recruitment poster in an online DCD group, that 
brings parents with children with DCD and clinicians together. Participants with DCD were 
assessed on the day of testing using the Movement Assessment and Battery for Children second 
edition test component (MABC-2) (Henderson, Sugden, & Barnett, 2007). TD children were free 
of any known neurological disorders, motor disorders, concussion free at least 2 years previous, 
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and had normal or corrected to normal vision. All guardians of participants provided informed 
consent and completed a health history questionnaire as well, children provided informed assent.  
Table 2: Participant with Developmental Coordination Disorder’s characteristics including age, 
sex, height, Movement Assessment and Battery for Children’s Motor Score, and diagnosed 
comorbidity.  
 
DCD01:  
DCD01 was diagnosed with DCD at the age of 9 years by an occupational therapist. At 
the time of diagnosis DCD01’s MABC-2 test score was the 3rd percentile. Following the initial 
diagnosis of DCD, DCD01 was later diagnosed with ASD. At the time of testing, DCD01’s 
MABC-2 test score was within the 9th percentile. DCD01 had a score within the 9th percentile in 
the manual dexterity component, a score within the 25th percentile in the aiming and catching 
component, and a score within the 37th percentile in the balance component of the MABC-2. 
Despite a diagnosis of DCD and a reported clumsy gait in the Health History Questionnaire, 
DCD01 is physically active, jogging and swimming multiple times a week.  
DCD02:  
DCD02 was diagnosed with DCD by an occupational therapist however did not complete 
a MABC-2 test at the time of initial diagnosis. At the time of testing, DCD02’s MABC-2 test 
score was within the 2nd percentile. DCD02 had a score within the 2nd percentile in the manual 
dexterity component, a score within the 2nd percentile in the aiming and catching component, and 
a score within the 9th percentile in the balance component of the MABC-2. DCD02 has reported 
being previously concussed however it fell greater than one previous to testing. As well, DCD02 
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reported on the Health History Questionnaire to have difficulty with fine motor task such as 
writing. DCD02 also reported to be physically active throughout the week.  
DCD03:  
DCD03 was diagnosed with DCD several years prior to testing by an occupational 
therapist however did not complete a MABC-2 test at the time of initial diagnosis. At the time of 
testing, DCD03’s MABC-2 test score was within the 25th percentile. DCD03 had a score within 
the 2nd percentile in the manual dexterity component, a score within the 50th percentile in the 
aiming and catching component, and a score within the 91st percentile in the balance component 
of the MABC-2. Although DCD03 did not score below the 16th percentile on the MABC-2 (at 
risk for DCD), this is likely due to DCD03 improving on fine and gross motor coordination from 
the time of the initial diagnosis and therefore was included to participate. DCD03 was reported to 
having difficulty with writing and keeping up with their peers in physical education class. 
DCD03 does not participate in physical activity other than swimming once a week. 
3.2.2 Experimental Design and Protocol 
 The same experimental design and protocol was completed for children with DCD as 
discussed in Chapter 2 section 2.2.2 and 2.2.3.  
3.2.3 Data Analysis 
 As discussed in Chapter 2, obstacle clearance characteristics were defined based on 
whether it was the lead limb or trail limb relative to the obstacle [Chapter 2, Figure 3]. Moreover, 
obstacle clearance characteristics [defined in Chapter 2, section 2.2.4] including: Lead 1; Trail 1; 
and Trail 2 were compared between each individual with DCD and TD children. The obstacle 
clearance variables were only compared when two obstacles were present and when obstacle 
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appearance was delayed to two steps prior to obstacle clearance on flat ground and foam terrain 
because these were the most challenging conditions.  
 As well, medio-lateral (ML) center of mass (CoM) at the time of crossing (TOC) was 
analyzed for each participant with DCD and the average TD children. Body kinematics were 
used to calculate the location of the participant’s COM at the time of crossing in the time 
domain. The obstacle clearance variables were only compared when two obstacles were present 
and when obstacle appearance was delayed to two steps prior to obstacle clearance on flat 
ground and foam terrain. 
ML CoM Variability during crossing (cm): is calculated as the variability (SD) in one’s 
medial-lateral (ML) CoM position from N-1 (step before crossing the first obstacle) until N+2 
(two steps after crossing the first obstacle). ML CoM was calculated using the equation, 
𝐶𝑜𝑀8 = 	
9:;4	<=8>?(@A4	<=8>9:;4	BCDC8>?(@A4	BCDC8
E
   (2) 
3.2.4 Statistical Analysis 
 Due to a small sample size, a statistical analysis could not be conducted without an 
increased risk of a Type II error. Average and standard deviation (SD) for each variable:  Lead 1, 
Trail 1, Trail 2, and ML CoM at TOC were calculated and compared to TD children’s average. 
Specifically, children with DCD’s obstacle clearance variables were analyzed as to whether they 
fell outside of 1 SD from the TD children’s average.  
3.3 Results  
For the following section, each child with DCD’s Lead 1, Trail 1, Trail 2, and ML CoM 
at TOC will be analyzed and discussed compared to the average TD children.  
Participant DCD01 
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For the variable Lead 1, on flat ground when two obstacles were present and obstacle 
appearance was delayed to two steps prior to crossing, DCD01’s Lead 1 foot position was 
22.82cm (±4.98) and TD children Lead 1 foot position was 28.37cm (±6.65) [Figure 1]. On foam 
terrain, when two obstacles were present and obstacle appearance was delayed to two steps prior 
to crossing, DCD01’s Lead 1 foot position was 35.88cm (±3.65) and TD children Lead 1 foot 
position was 40.09cm (±6.03) [Figure 1]. 
For the variable Trail 1, on flat ground when two obstacles were present and obstacle 
appearance was delayed to two steps prior to crossing, DCD01’s Trail 1 foot position was 
17.89cm (±6.59) and TD children’s Trail 1 foot position was 18.19cm (±6.30) [Figure 2]. On 
foam terrain when two obstacles were present and obstacle appearance was delayed to two steps 
prior to crossing, DCD01’s Trail 1 foot position was 16.88cm (±4.87) and TD children’s Trail 1 
foot position was 17.20cm (±7.10) [Figure 2]. 
For the variable Trail 2, on flat ground when obstacle appearance was delayed to two 
steps prior to crossing, DCD01’s Trial 2 foot position (9.51cm ± 3.66) was more than 1 SD from 
the TD children’s foot position (21.79cm ± 10.69) [Figure 3]. On foam terrain when two 
obstacles were present and the appearance of obstacles was delayed until two steps prior to 
crossing, DCD01’s Trail 2 foot position was greater than 1 SD from the TD children’s average 
Trail 1 foot position.DCD01’s Trail 2 foot position was closer to the second obstacle (16.88cm ± 
4.87) compared to TD children’s Trail 1 foot position (34.47cm ± 8.25) [Figure 3]. 
For ML CoM at TOC, on flat ground when obstacle appearance was delayed to two steps 
prior to crossing, DCD01’s ML CoM at TOC was more of 1 SD from the TD children’s ML 
CoM at TOC such that, DCD01’s ML CoM at TOC(5.16cm ± 2.56) was larger compared to TD 
children (2.14cm ± 1.10) [Figure 4]. On foam terrain when obstacle appearance was delayed to 
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two steps prior to crossing, DCD01’s ML CoM at TOC was 4.32cm (±1.75) and TD children’s 
ML CoM at TOC was 2.83cm (±1.55) [Figure 4].  
Participant DCD02 
For the variable Lead 1, on flat ground when two obstacles were present and obstacle 
appearance was delayed to two steps prior to crossing, DCD02’s foot position was 27.43cm 
(±4.74) and TD children’s Lead 1 foot position was 28.37cm (±6.65) [Figure 1]. On foam terrain, 
when two obstacles were present and obstacle appearance was delayed to two steps prior to 
crossing, DCD02’s Lead 1 foot position was 36.97cm (±3.15) and TD children Lead 1 foot 
position was 40.09cm (±6.03) from the first obstacle [Figure 1]. 
For the variable Trail 1, on flat ground when two obstacles were present and obstacle 
appearance was delayed until two steps prior to crossing, DCD02’s Trail 1 foot position was 
21.83cm (±7.68) and TD children’s Trail 1 foot position was 18.19cm (±6.30) [Figure 2]. On 
foam terrain when two obstacles were present and the appearance of obstacles was withheld until 
two steps prior to crossing, DCD02’s Trail 1 foot position was 19.12cm (±11.07) and TD 
children’s Trail 1 foot position was 17.20cm (±7.10) [Figure 2].  
For the variable Trail 2, on flat ground and obstacle appearance was delayed to two steps 
prior to crossing, DCD02’s Trail 2 foot position was 30.85cm (±15.44) and TD children’s Trail 2 
foot position was 21.79cm (±10.69) [Figure 3]. On foam terrain and obstacle appearance was 
delayed to two steps prior to obstacle clearance, DCD02’s Trail 2 foot position was 37.22cm 
(±16.96) and TD children’s Trail 2 foot position was 34.47cm (±8.25) [Figure 3].  
For ML CoM at TOC, on flat ground when obstacle appearance was delayed to two steps 
prior to crossing, DCD02’s ML CoM at TOC was greater than 1 SD from TD children’s ML 
CoM at TOC. DCD02’s ML CoM at TOC (3.61cm ± 2.37) was larger compared to TD children 
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(2.14cm±1.10) [Figure 4]. On foam terrain when obstacle appearance was delayed to two steps 
prior to crossing, DCD02’s ML CoM at TOC was 2.05cm (±.54) and TD children’s ML CoM at 
TOC was 2.83cm (±1.55) [Figure 4].  
Participant DCD03 
For the variable Lead 1, on flat ground when two obstacles were present and obstacle 
appearance was delayed to two steps prior to crossing, DCD03’s foot position was 27.57cm 
(±3.47) from the obstacle and  TD children’s Lead 1 foot position was 28.37cm (±6.65) [Figure 
1]. On foam terrain, when two obstacles were present and obstacle appearance was delayed to 
two steps prior to crossing, DCD03’s Lead 1 foot position was 39.31cm (±8.61) from the first 
obstacle and TD children’s Lead 1 foot position was 40.09cm (±6.03) [Figure 1]. 
For the variable Trail 1, on flat ground when two obstacles were present and obstacle 
appearance was delayed until two steps prior to crossing, DCD03’s Trail 1 foot positions was 
23.13cm (± 5.91) and TD children’s Trail 1 foot position was 18.19cm (±6.30) [Figure 2]. On 
foam terrain when two obstacles were present and the appearance of obstacles were delayed until 
two steps prior to crossing, DCD03’s Trail 1 foot position was 13.03cm (±3.07) and TD 
children’s Trail 1 foot position was 17.20cm (±7.10) [Figure 2]. 
 On flat ground, when visual information was delayed to two steps prior to obstacle 
clearance, DCD03’s Trail 2 foot position was 24.04cm (±5.05) and TD children’s Trail 2 foot 
position was 21.79cm (±10.69) [Figure 3]. On foam terrain, when obstacle appearance was 
delayed until two steps prior to crossing, DCD03’s Trail 2 foot position was 
DCD03’s Trail 2 foot position was 30.65cm (±6.12) while, TD children’s Trail 2 foot position 
was 34.47cm (±8.25) [Figure 3]. 
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For ML CoM at TOC, on flat ground when obstacle appearance was delayed to two steps 
prior to crossing, DCD03’s ML CoM at TOC was greater than 1 SD from the TD children’s ML 
CoM at TOC average. DCD03’s ML CoM at TOC (4.34cm ± 1.88) was larger compared to TD 
children (2.14cm ± 1.10) [Figure 4]. On foam terrain when obstacle appearance was delayed to 
two steps prior to crossing, DCD03’s ML CoM at TOC was greater than 1 SD from the TD 
children’s ML CoM at TOC average. DCD03’s ML CoM at TOC (5.77cm ± 5.03) was larger 
than TD children’s ML CoM at TOC (2.83cm ± 1.55) [Figure 4].  
 
Figure 1: Average and SD Lead 1 foot position for each child with DCD and the average TD 
children’s when two obstacles were present, when obstacle appearance was delayed to two steps 
prior to obstacle clearance, and on flat ground and foam terrain.  
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Figure 2: Average and SD Trail 1 foot position for each child with DCD and the average TD 
children’s when two obstacles were present, when obstacle appearance was delayed to two steps 
prior to obstacle clearance, and on flat ground and foam terrain. 
 
Figure 3: Average and SD Trail 2 foot position for each child with DCD and the average TD 
children’s when obstacle appearance was delayed to two steps prior to obstacle clearance, on flat 
ground and foam terrain.  
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Figure 4: Average and SD ML CoM at TOC for each child with DCD and the average TD 
children is presented when obstacle appearance was delayed until two steps prior to obstacle 
crossing, on flat ground and foam terrain.  
 
3.4 Discussion 
The objective of the current study was to determine whether children with DCD have 
difficulty with multisensory integration and motor planning during a multiple obstacle-crossing 
task. It was hypothesized that children with DCD were expected to have difficulty in generating 
proper crossing techniques when completing a successive multiple obstacle crossing task due to 
difficulty with multisensory integration and motor planning strategies compared to TD children. 
Although statistics could not be performed due to a low sample size, an individual’s rank on the 
MABC-2 test may have some insight on obstacle clearance performance.  
3.4.1 Motor Planning Strategies 
Participant DCD01:  
 For the current study, three children with DCD completed the study, along with 
completing the MABC-2 test component (if they had not previously completed one) or provided 
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their MABC-2 test score. Participant DCD01 had a MABC-2 score of the 3rd percentile upon 
diagnosis of DCD. Following the diagnosis of DCD, DCD01 was diagnosed with a co-morbid 
disorder of Autism Spectrum Disorder (ASD). ASD is a developmental condition that involves 
persistent challenges in social interaction, speed and nonverbal communication, and 
restrictive/repetitive behaviours (American Psychiatric Association, 2002). Since the severity of 
symptoms vary per person, it is difficult to determine whether obstacle clearance behaviours of 
participant DCD01 are due to DCD or ASD.  
In order to determine whether DCD01 had difficulties with motor planning, proper Trail 
1 foot position when two obstacles were present was analyzed. Proper Trail 1 foot position is 
critical in order to ensure success during an obstacle clearance task. Similar to TD children, 
participant DCD01 targeted a specific foot position regardless of the type of terrain (on flat-
ground or foam terrain) [Figure 2]. Therefore, it seems participant DCD01 was able to perform 
similar to TD children in terms of Trail 1 foot placement. 
Participant DCD02: 
Participant DCD02 scored within the 2nd percentile on the MABC-2 test score and was 
not diagnosed with any known comorbid disorders. In terms of motor planning strategies, 
DCD02 AP Trail 1 foot placement was further from the obstacle on flat ground compared to TD 
children while on foam terrain, DCD02 had similar Trail 1 foot positions compared to TD 
children. However regardless of the type of terrain, DCD02 was highly variable, suggesting 
difficulty with motor planning [Figure 2]. Unlike previous research in TD children, participant 
DCD02 was highly variable at targeting a specific Trail 1 foot placement prior to obstacle 
crossing suggesting difficulty with online control and motor planning (Berard & Vallis, 2006). 
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This high variability in foot placement could lead to an increased likelihood of tripping and 
falling due to difficulty with motor planning.  
Participant DCD03:  
Participant DCD03 had a MABC-2 test score of 25th percentile with a co-morbid disorder 
of Attention Deficit Disorder (ADD) [Table 2]. Although DCD03 did not score below the 16th 
percentile on the MABC-2, an occupational therapist diagnosed the child with DCD and so they 
were included in the study.  
 When analyzing motor planning strategies, participant DCD03 was inconsistent with 
their Trail 1 foot placement on flat ground and foam terrain compared to TD children. An 
inconsistent foot placement suggests participant DCD03 has difficulty with motor planning 
strategies as their Trail 1 foot position was not consistently placed in a position optimal for 
obstacle crossing.  
3.4. 4 Multisensory Integration Effects 
 To determine the effect of multisensory integration in children with DCD, trials when 
visual information was delayed until two steps prior to obstacle clearance was analyzed on flat 
ground and foam terrain. All three children with DCD and TD children on average had a closer 
Trail 1 and Trail 2 foot position to the obstacle on foam terrain compared to flat ground, meaning 
the foam terrain did in fact change individual’s obstacle clearance behaviours [Figure 1 and 
Figure 3]. As well, children with DCD and TD children both increased their Lead 1 foot position 
on foam terrain compared to flat ground [Figure 1]. Similar to TD children, children with DCD 
seem to overcompensate their Lead 1 foot position, increasing their step length, on foam terrain 
in order to ensure successful obstacle clearance and maintain stability. Although statistics could 
not be performed between children with DCD and TD children, it appears that completing an 
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obstacle clearance task on a compliant surface causes both groups to increase their step length, 
which subsequently increases their time spent in double support in order to maintain stability. 
Therefore, it seems the three children with DCD performed similar to TD children when visual 
information and somatosensory information was altered.  
 Similar to previous research, all three children with DCD had higher ML CoM at TOC 
compared to TD children (Deconinck et al., 2010). This study supports the findings that children 
with DCD have difficulty maintaining ML CoM control during an obstacle crossing task 
compared to TD children [Figure 4]. An increased ML CoM during obstacle crossing results in 
poor balance control and subsequently, an increased risk of falling when an individual’s balance 
is challenged.  
3.4.3 MABC Test Score 
As mentioned earlier all three children with DCD varied in MABC-2 test scores [Table 
2]. Similar to previous research, children diagnosed with DCD (scoring below the 5th percentile) 
have higher variability on obstacle clearance strategies compared to TD children and children 
scoring above the 5th percentile on the MABC-2 (Wilmut, Du, & Barnett, 2016). Specifically, 
DCD02 had high Trail 1 and Trail 2 foot positions variability compared to TD children and other 
children with DCD, regardless of the amount of somatosensory information provided [Figure 1 
and Figure 3]. High variability of Trial 1 and Trail 2 foot positions may be due to the reliance of 
visual information on proper motor strategies. Since obstacle appearance was not provided until 
2 steps prior to obstacle clearance it is possible, children with DCD scoring below the 5th 
percentile on the MABC-2 have difficulties using online control to guide their locomotion. This 
would result in children with DCD requiring visual information well in advance of an adaptive 
movement in order to successfully complete a task.  However, more children with DCD scoring 
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below the 5th percentile on the MABC-2 need to be assessed during this adaptive locomotor skill 
in order to conclude the reliance of visual information.  
Furthermore, it is possible DCD may be more of a spectrum disorder, similar to ASD, 
ranging from minor to major motor coordination difficulties. Since each child with DCD’s 
obstacle clearance strategies varied from one another, an individual’s MABC-2 test as well as 
their co-morbid disorder must be considered when diagnosing and treating DCD. Research 
should focus on teasing out whether there are differences in coordination based on an 
individual’s MABC-2 score which would subsequently lead to the determination of whether 
DCD is considered a spectrum disorder. As well, if DCD is a spectrum disorder, it is possible 
some TD children analyzed may also have some level of DCD and therefore an MABC-2 test 
should be implemented during all developmental research. 
3.5 Conclusions 
Children with DCD were able to successfully avoid stepping on the virtual multiple 
obstacles under various sensory manipulations. All three children diagnosed with DCD had 
different obstacle clearance characteristics and ML CoM at TOC, therefore it is unknown 
whether all children diagnosed with DCD have difficulties with motor planning during an 
adaptive locomotor task. Furthermore, it seems that individual’s MABC-2 test score as well as 
their co-morbid disorders must be considered when assessing adaptive locomotor strategies as 
variability greatly differs between scores. High within-subject variability in children with DCD 
scoring below the 5th percentile on the MABC-2 and not diagnosed with a co-morbid disorder 
suggests a heavy reliance on visual information in order to complete the adaptive locomotor task. 
However, due to a limited sample size, further research is required in order to determine whether 
children with DCD have difficulty with multisensory integration or if they have difficulty 
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implementing motor planning strategies during an adaptive locomotor task. As well, future 
research should assess DCD as a spectrum disorder, ranging from minor to major coordination 
difficulties.   
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CHAPTER 4:  
General Conclusions 
 The objective of the present thesis was two-fold. First to determine the effect of the 
manipulation of the somatosensory and visual information during a multiple obstacle clearance 
task in children compared to young adults (YA). Additionally, to determine whether children 
with Developmental Coordination Disorder (DCD) have difficulties with motor planning and/or 
multisensory integration. Locomotion rarely occurs on a straight, unobstructed flat ground, 
instead individuals constantly navigate through the environment, walking on uneven terrains, 
stepping over and around obstacles in order to get to a final destination. The ability to be 
successful involves proper motor strategies and the integration of information from the primary 
sensory systems. By understanding the development of motor strategies and multisensory 
integration aids in understanding development of motor control. The result from the two current 
studies demonstrate that individuals, regardless of age or motor coordination, are able to avoid 
stepping on virtual obstacles under various sensory manipulations however, the motor strategies 
and obstacle behaviours differ between individuals and the environment.  
 When multiple obstacles are placed in one’s path, individuals develop a motor strategy in 
order to ensure successful passage. Implementing a motor strategy utilizes information from the 
visual and somatosensory system to determine appropriate foot placement for obstacle clearance 
while maintaining stability and forward progression of locomotion. Based on the results of this 
thesis, it appears children (8-12 years of age) have difficulty with online control of locomotion, 
multi-sensory integration, and demonstrate immature motor planning strategies. On a compliant 
surface (i.e., foam terrain), children were highly variable in obstacle clearance characteristics 
compared to YA during a multiple obstacle clearance task. As well, when the appearance of the 
obstacles was withheld until two steps prior to obstacle clearance, children’s walking speed 
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decreased and children placed their Trail 1 foot closer to the first obstacle, in order to increase 
processing time of visual information and ensure successful obstacle clearance. Therefore, it 
seems children (8-12 years) are proficient at using visual information in a feedforward manner 
and have difficulties using visual information online, resulting in obstacle clearance 
characteristic differences when unexpected obstacles need to be avoided. If children (8-12 years 
old) continue to utilize visual information in a feedforward manner rather than an online control 
manner, children (8-12 years old) may be at a higher risk for falling or collisions when an 
unexpected object (dynamic or static) appears. 
 As well, this thesis supported the idea that children differ in avoidance behaviours during 
a multiple obstacle clearance task compared to YA. Children (8-12 years) seem to adopt a more 
cautious obstacle clearance strategy on flat ground, taking two steps in between two obstacles 
whereas, YA plan for the avoidance of both obstacles prior to crossing the first obstacle, taking 
only one step between obstacles. These differences on flat ground between children and YA may 
be caused by not having fully developed anticipatory strategies resulting in difficulties with 
motor planning. Alternatively, when children complete an obstacle clearance task on a compliant 
surface, children only take one step between obstacles, which appears to be similar to YA. 
Although it appears children adapt an “adult-like” strategy on a compliant surface, these obstacle 
clearance behaviours are primarily due to a desire to increase dynamic stability and momentum 
as a result of difficulty down-regulating somatosensory information. Walking on a compliant 
surface (i.e., foam terrain), perturbs individuals in the anterior-posterior direction resulting in 
children increasing their crossing speed and subsequently their momentum. Increasing 
momentum allows for children to appear “adult-like” however this is due to their desire to 
maintain forward progression of locomotion rather than planning for the successive avoidance of 
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multiple obstacles. Based on all the findings from the current thesis, 8-12 year old children have 
difficulty with multi-sensory integration and anticipatory strategies due to an immature CNS, 
specifically a difficulty integrating sensory information in order to plan an appropriate action.  
 When examining obstacle clearance behaviours in individuals with a motor disorder, 
children with DCD are able to successfully avoid virtual obstacles under various sensory 
manipulations. Due to a limited sample size, children with DCD’s obstacle clearance behaviours 
could not be directly compared to typically-developing (TD) children. Therefore, this study 
could not tease out whether children with DCD have difficulty with multisensory integration 
and/or motor planning strategies. Similar to previous research, all three children with DCD had 
difficutly maintaining ML CoM at TOC compared to TD children (ie., their ML COM was 
greater than 1SD from the TD children’s average) (Deconinck et al., 2010). Moreover, based on 
the findings from Chapter 3, it seems obstacle clearance strategies may vary greatly between 
children with DCD based on an individual’s MABC-2 test score and co-morbid disorders. It is 
possible children with DCD may fall within a spectrum ranging from minor to major motor 
coordination difficulties. Since children with DCD are highly variable, researchers should 
consider an individual’s MABC-2 test score as well as ant co-morbid disorder diagnosed and an 
individual’s behaviour. This would allow researchers and clinicians to determine whether 
children with DCD should be treated the same or different based on their MABC-2 test scores. 
4.1 Recruiting and Researching a Special Population 
 In research, examiners typically recruit populations that are easily collected, ranging from 
a convenient sample of university students to clinical populations at the disposal of the 
researcher. The problem with convenient sampling is that researchers are unable to investigate 
and understand a special population. Understanding a newly diagnosed developmental disorder 
 77 
such as, Developmental Coordination Disorder (DCD), becomes difficult and poses many 
challenges due to difficulty with access to the population. This section will highlight some of the 
challenges faced with recruitment and researching children with DCD as well as, the importance 
in recruiting special populations.  
Recruiting children with DCD 
 DCD is reported to be prevalent in 5-6% of school-aged children (CanChild, 2017). 
Although, the prevalence of DCD is high in school-aged children, finding children with DCD is 
difficult. Typically, researchers use the MABC-2 test component to assess children with DCD 
such that individuals that score less than the 16th percentile are at risk for having DCD where 
children scoring less than the 3rd percentile have DCD. However, it is possible DCD is more of a 
spectrum disorder ranging from minor to major coordination difficulties. Therefore, many 
school-aged children may not be diagnosed with DCD as they may fall high on the spectrum, 
with only minor coordination deficiencies. In order to access children with DCD, the MABC-2 
should be implanted to all children to determine whether where an individual’s score on the 
MABC-2 provides insight on motor coordination performance. This would allow further access 
to researching and diagnosing children with DCD.  
Moreover, when researching children with DCD or any special population, it is 
imperative to ensure you have reliable access to the population. Specific to children with DCD, 
ensuring to have a clinician, occupational therapist, or researcher that has access to the 
population at your disposal is necessary. As well, joining online forums specific to DCD can 
help with recruitment. However, using an online group may recruit individuals that are not 
geographically accessible to participate. Therefore, to maximize recruitment propose an 
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experimental design and protocol that is not confined within a laboratory space may aid in 
maximizing participants.  
Researching children with DCD 
 Children with DCD are commonly diagnosed with a comorbid disorder of ASD, ADHD, 
and other forms of learning disorders which can make task completion difficult. When 
researching children with DCD, ensure the task is interesting enough to increase the likelihood of 
task completion. As well, ensure the protocol is not too long or children may get bored or 
uninterested in task completion. Last, try to conduct research in an open and empty laboratory 
space, to minimize distractions. Since children with DCD sometimes have difficulty with 
attention, distractions within the laboratory setting will increase the time children are in the 
laboratory and may result in insufficient data. 
4.2 Conclusion and Future Directions 
To conclude, the findings from Chapter 2 extend the understanding of the development of 
motor control such that, by 8-12 years of age, children are still developing multisensory 
integration and anticipatory strategies. Specifically, when visual information about an obstacle 
that needs to be avoided is not provided until two steps (or possibly less) prior to clearance, 
children (8-12 years) have difficulties utilizing online control. Future research should analyze 
gaze data to determine differences in information enrich areas during a multiple obstacle 
clearance task between children and adults (ie., do children only fixate on task-relevant areas). 
As well, future research should examine other forms of adaptive locomotor task, such as real 
objects or dynamic objects, in order to determine whether the findings from the current thesis 
extend to other adaptive locomotor tasks.  
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Children with DCD have been found to be highly variable, having difficulties with 
perception-action coupling. Although we were unable to statistically compare children with DCD 
to TD children, due to a limited sample size, it seems children with DCD may have difficulty 
with motor planning strategies due to their difficulty with perception-action coupling. As well, it 
seems children with DCD may vary greatly from one another ranging from minor to major 
coordination difficulties therefore, future research needs to address the idea of DCD being more 
of spectrum disorder, correlating MABC-2 test scores with behavioural outcomes. Moreover, the 
MABC-2 test should be implemented in research involving children which may help in the 
overall diagnosis and awareness of DCD.  
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Appendix 
Children’s Health History Questionnaire 
 
We are interested in the personal history of your child because it may help us to better 
understand the results of our study. Your answers to a few short questions will aid us in this 
effort. All answers will be kept strictly confidential. You may choose not to provide a response 
to any questions without penalty. 
 
Demographics: 
1. Age:___________ 
2. Year of Birth: ________   Month of Birth: _________ 
3. Height: _______________ 
4. Weight: _______________ 
5. Gender:_______________     
6. Vision:  
A) Does your child wear glasses. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . ….NO   /  YES 
B) Does your child have: 
 Glaucoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …..NO   /  YES
 Cataract(s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ….NO   /  YES 
 Macular degeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .…NO   /  YES 
 Amblyopia/ Lazy Eye/ Binocular vision defect (i.e. turned down eye) ..NO  /   YES 
 
C) Has your child ever seen a doctor for an eye injury? . . . . . . . . . . . . .. . . . . . . . NO  /  YES 
     Describe: __________________________________________________________ 
 
Does your child have now, or has your child had in the past: 
7. Dizziness? NO  / YES  
 
8. Trouble walking? 
       Unsteadiness  
NO  / YES  
 
 
9. Any injuries to lower limb(s)? 
(e.g. hip, knee, ankle) 
NO  / YES  
 
 
10. Neurological disorders? 
 
 
NO  / YES  
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11. Anxiety? 
 
NO  / YES  
12. Concussions?  NO/YES When?  
 
 
Has your child ever been diagnosed with any of the following:  
14. Autism Spectrum Disorder 
(ASD)? 
  
NO  / YES  
15. Attention Deficit 
Hyperactivity  
Disorder (ADHD)? 
NO/YES  
16. Down Syndrome? NO/YES  
17. Learning Disability? NO/YES  
 
18. School History 
Has your child had any difficulty in school and, if so, what was the problem?  
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
What action was taken? 
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
Does your child play well with other children?      NO/YES 
 
How many times per week does your child take part in physical activity (e.g., walking, 
gardening, household chores, dancing) or exercise?  _______ 
 
 Please list the types of physical activities that your child partakes in: 
Activity Number of times per week 
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Young Adults’ Health History Questionnaire 
 
We are interested in your personal history because it may help us to better understand the results 
of our study. Your answers to a few short questions will aid us in this effort. Information may be 
presented/published but idenfiable information will be kept confidential. You may choose not to 
provide a response to any questions without penalty.  
 
Demographics: 
1) Age:___________ 
2) Year of Birth: ________   Month of Birth: _________ 
3) Height: _______________ 
4) Weight: _______________ 
5) Gender:_______________            
6) Current Employment:____________________________ 
Vision: 
7)  A) Do you have: 
          Glaucoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …..NO   /  YES 
          Cataract(s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ….NO   /  YES 
          Macular degeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .…NO   /  YES 
    Amblyopia/ Lazy Eye/ Binocular vision defect (i.e. turned down eye) ..NO  /   YES 
 
B) Have you ever had eye surgery for: 
      Glaucoma . . . . . . . . . . . . .NO   /   RIGHT   /   LEFT   Date:________________ 
          Cataract(s) . . . . . . . . . . . . .NO   /   RIGHT   /   LEFT  Date:________________ 
          Macular degeneration .  . . .NO   /   RIGHT   /   LEFT  Date:________________ 
          Corneal/lens transplants . . NO   /   RIGHT   /   LEFT  Date:________________ 
          Laser eye surgery . . . . . . . NO   /   RIGHT   /   LEFT  Date:________________ 
 
C) Do you currently receive medical treatment for your eyes? . . . . . . . . . . . NO  /  YES 
     If YES, what kind? ___________________________________________________ 
     Patching/ Vision Therapy?______________________________________________ 
 
D) Have you ever seen a doctor for an eye injury? . . . . . . . . . . . . .. . . . . . . . NO  /  YES 
     Describe: ___________________________________________________________ 
 
8) Have you ever been unconscious, had a head injury or had blackouts?  
A)  NO  /  YES 
B) Cause:_________________________________________________ 
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C) Duration:_______________________________________________ 
D) Treatment:______________________________________________ 
E) Outcome:_______________________________________________ 
  F) Year(s): _________________________________________________ 
 
9) Have you been seriously ill or hospitalized in the past 6 months?     
 A) NO  /  YES 
B) Cause:__________________________________________________ 
C) Duration:________________________________________________ 
Do you have now, or have you had in the past: 
 
10. a) A Stroke?  
      b) Transient ischemic attack? 
NO  / YES 
NO  / YES 
When? 
 
11. Heart disease?   
 
 
NO  / YES 
 
Nature (MI, angina, narrowing of arteries): 
12. High blood pressure? NO  / YES Is it controlled? 
 
13. Seizures?  NO  / YES Age Onset:______ Frequency:___________ 
Cause:__________ Treatment:___________ 
 
14. Epilepsy? NO  / YES  
 
15. Frequent headaches? NO  / YES Tension / migraine 
 
16. Dizziness? NO  / YES  
 
17. Trouble walking? Unsteadiness  NO  / YES  
 
18. Arthritis? 
 
NO  / YES  
19. Any injuries to the lower limb? 
(e.g. hip, knee, ankle) 
NO  / YES  
 
 
20. Serious illness (e.g. liver  
disease)? 
NO  / YES  
 
21. Neurological disorders? NO  / YES  
 
22. Motor disorders?  NO/YES  
 
23. Anxiety? 
 
 
NO  / YES  
24. Concussions?  NO/YES When?  
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25. Medication: Please list the medication you are currently taking and any other  
                        medication that you have taken in the past year 
 
Type of medication Reason for consumption Duration of consumption 
and Dose 
Aa   
B)   
C)   
D)   
 
 
26. Present Problems - Are you currently troubled by any of the following? 
Concentration/ Attention problems NO    /   YES  Nature: 
 
 
Memory problems  
 
NO    /   YES Nature: 
 
 
Difficulties finding words NO    /   YES Nature: 
 
 
 
27. Physical Activity 
 
 How many times per week do you take part in physical activity (e.g., walking, gardening, 
household chores, dancing) or exercise?  _______ 
 
 Please list the types of physical activities that you partake in: 
Activity Number of times per week 
 
 
 
 
 
 
 
 
 
 
 
 
 
